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FOREWORD 

This report contains the results of the analysis of the additional issues 
identified in the SOC/Shuttle Interaction Study extension. This data 
euppleaents the SOC/Shuttle Interactions identified in the original contracted 
effort. 

This effort was perforned under Contract Nuaber UAS9'*1C>153, by the Space 
Operations and Satellite Systems Division of Rockwell International for the 
Rational Aeronautics and Space Administration, Johnson Space Ce:iter. The 
study was administered under the technical direction of the Contracting 
Officers Representative (COR), Nr. S. H. Kassiff, Progreux Development Office, 
Engineering and Development Directorate, Johnson Space Center. 

The study was perforned under the direction of A. J. Stefan, Study 
Manager. The following persons made significant contributions to the 
completion of the analysis. 
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WTRODUCTIOH 


The Space Operations Center (SOC) is conceived as a peraanent facility in 
lov earth orbit incorporating capabilities for space systeBs construction; 
space vehicle assenbly, launching, recovery and servicing: and the aervicing 
of co-orbiting satellites. ' 

The Shuttle Transportation Systen (STS) is an integral element of the SOC 
concept. It will transport the various elements of the SOC into space and 
support the assembly operation. Subsequently, it will regularly- service the 
SOC with crew rotations, crew supplies, construction materials, construction 
equipment and components, apace vehicle elements, and propellants and apare 
parts. 

This report contains the results of the study that analyzed in greater 
detail the inplications to the SOC as a consequence of the Shuttle supporting 
operations. The study also addressed programmatic influences associated with 
propellant deliveries, spacecraft servicing, and total shuttle flight 
operations. 

STUDY TASKS 

Four tasks were Identified for this contract extension effort. The four 
tasks and the study objective of each task is listed in Table I-l. 

SPACE OPERATIOHS CENTER CCIiTIC’JSATION 

The configuration of the space operations center that wae utilized for 
reference during the study is illustrated in Figure Z-1. This configuration 
is a modification of the configuration supplied by NASA/ JSC at the start of 
this study. The modification is principally concerned with the facility 
configuration for spacecraft servicing operations. 

REPORT ORGANIZATION 

This report is organized into four basic sections that correspond to the 
four tasks previously described. Supporting reference data is contained in 
the appendix which constitutes the second volume of this report. 




i 

riCURE I-l SPACE OPERATIOHS CEKTER REFEREMCE COHFICURATlOl ( 
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1.0 SHUTTLE FLEET UTILIZATZOH ft PROGRAIDUTICS 

Tbla task datarmlaea the kej interreletioaahipa aaons the aalo STS 
u'cilleetioa verlablea« with particular eaphaeia on the differences between SOC 
and ’*non>SOC" aeenarioa. The analysle Investigated the interaoting effects of 
cargo denaity, OTV perfomanee aodels, and Shuttle logistics perfonance for 
their affecta on fleet utilisation end fleet alee requirements. In 
particular, the analysis examined the potential benefits within the SOC 
scenario of increasing Shuttle load factors bF adding high>density propellants 
to low^denslty cargo manlfestc to always fly the orbits r near its 65K lb 
payload capacity. 

The further fleet utilisation benefits of scavenging ET residual 
propellants have also been investigated. This technique is particularly 
suited to the SOC scenario where propellant storage capability in space would 
be provided as part of the SOC flight support activity. 

The potential ground turnaround benefits which can be attained with an 
orblter dedicated to SOC resupply missions was also investigated. The task 
focus is on traffic analyses based on a mission model derived with Kockwell 
discretionary resources. Each major sector of the mission model Ccommercial 
communications, RASA RftS, DOD, etc.) has been analyzed to synthesize 
representative spacecraft and/or STS manifest elements for later conversion 
into STS flight rates. The total mission model has been screened to catalog 
missions into candidate SOC related and non-SOC missions. 



The representative manifest data is utilized to determine the amount of 
unused cargo bay space and payload weight capability that could exist on each 
SOC delivery flight. Further analyses dstermined how much propelT:.nt could be 
delivered to tho SOC on these missions using payload top-off and propellant 
scavenging techniques. Payload top-off involves bringing the orbiter up to 
its maximum payload capability by adding propellants in the unused space of 
the various flight manifests. Propellant scavenging refers to the concept of 
recovering unused propellants from the ET and the main propulsion system 
before ET jettison. This includes propellant amounts ranging from the 9500 
lbs associated with maximum payload launches to the 70,000 lb plus value 
associated with the "dry launch" concept for a tanker flight (ui'biter is 
launched with an empty tank as its only payload which results in approximately 
70,000 lbs of unused propellants). 

The total propellants per year delivered to the SOC in this way are 
compared to the OTV propellant requirements to determine how many tanker 
flights are required to support the mission modal previously defined. 

The representative manifest data is further used to derive standard 
equipment sets suitable for use with an orblter dedicate to SOC resupply 
mission. 

Tha miaaion naeds, whan analyzed in conjunction with mission satellites 
defined, generates the payload and orbit transfer vehicle (OTV) requirements 
defining the mission model. The STS traffic models are developed for three 
accommodation modes, one which utilizes the SOC with a space based 
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rsusabls OTV and two options without a SOC utilizing a ground based reusable 
OTV or a ground design expendable OTV. These aceonodation modes together with 
the constraints of shuttle crew task and hours requirements, shuttle cargo 
manifesting limitations, and logistic support requirements established the 
shuttle and OTV traffic models. One model was defined for each of the three 
accommodation modeb. These three traffic models ware then evaluated to — 
determine the required amounts of support system hardware (Shuttles, OTV’s, 
Logistic Kodules, etc.) to complete the Shuttle Fleet Utilization Studies and 
provide the basis to complete the basic trade analysis of execution of the 
mission model either with or without incorporation of a SOC. 

1.1 MISSIOi} MODEL DESCRIPTIOH 

The establishment of the traffic models begins with an analysis of user 
needs to determine their demands and launch frequency requirements reflecting 
mission models. Each mission area was reviewed Individually to establish the 
most reasonable grouping of mission needs into low, medium, and high mission 
area requirements from which a solid medium mission model was projected. 

The mission model assmbled defines all STS spacecraft launches for KSC 
and VAFB thru the year 2000, those missions which go to GEO or to LEO at 
26.5 inclination (to the GEO Node) and are; therefore, candidates for 
interfacing with the initial SOC; were defined in more detail. 

The mission model schedule for various mission areas is shown in 
Figure 1-1. With the SOC IOC of 1990, all affected mission areas are shown to 
be fully on line with the exceptions of space processing and space 
construction. Space processing is still in the pr^'cess development phase and 
operational space construction missions are not shown to begin until 1995. 
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FIGURE 1.1. MISSION MODEL SCHEDULE 
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The nsulting GEO Node KlBBlon Model is sunnarised In Table l-^l for the 
SOC operational era under analysis (1990-2000). These data are shown for the 
SOC and Ho SOC Accomaodation Options. Included are the total number of 
■iseion payloads for each mission area as well as the total number of STS 
flights and extended mission flights required in these years in order to 
accomplish the mission defined. As can be seen, the SOC offers a considerable 
reduction in the number of STS flights required as well as the added advantage 
of none of these flights being required to be extended mission flights. The 
advantage of reduced STS flights shown for the SOC accommodation option is 
considerable despite the fact that SOC element delivery and logistics missions 
are included in these requirements. The increased number of U.S. and foreign 
commercial communication payloads shown for no SOC accommodation option C-2 is 
because of the reduced payload capability of the ground design reusable OTV 
which leads to more (smaller) communlcstion spacecraft being required in order 
to meet the transponder demand identified. 


-- TABLE 1.1 MEDIUM MISSION MODEL SUHHABY 
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The objective of the CEO node Blsslons is to deliver selected spacecraft 
to specific locations in a geosTnchronous equatorial orbit. This delivery task 
requires the interaction of several apace elements, e.g.. Shuttle and OTV. 

Tvo delivery modes have been considered, (l) the use of Shuttle for LEO 
delivery with some form of second stage for delivery to CEO, and (2) the use 
of a apace operations center. Utilising the space operations center provides 
the capability to decouple various mission elements of a GEO node mission. 

Thus, spacecraft of differing missions can be delivered to the SOC on a 
single, hlgh->density, STS mission, mated with an OT/ that was delivered by a 
separate Shuttle mission, or reused after refurbishment, and transferred to 
GEO orbit at a time compatible with the specific mission(s). The net effect 
is that, with careful attention, it is possible to obtain Shuttle launches 
with mass density factors (actual delivered mass divided by theoretical loads) 
approaching 95 percent. 

1 • 1. 1 GEO godo Payloads Hiasioa Models Description 

The rationale associated with the development of the number of payloads 
for each category as listed in Table 1-1 is described in the following section. 

Communications Mission Model 


Communication satellites are a profitable reality today and as such can 
provide a known data point of departure for projections into the future. 
Therefore, it was only natural that communication mission scen.^rios be 
developed and used to show programmatics comparisons and potential benefits of 
Space Base operations. Table 1-2 provides a comparison of present and future 
system characteristics for space conmuni'ation satellites. 

TABLE 1-2. U.S. SPACE COMHUNICATIOSS 
PRESBITP AHD FUTURE SYSTEM CHARACTERISTICS 
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No singlo cosnunicatlons damand Bodal ia available. Projectiona of 
future demand vary with individuals. A aedlua Biasion aodel vaa defined for 
the period from I960 through the year 2000 to show anticipated demand in 
equivalent tranapondera required to provide voice, data, video distribution, 
and video teleconferencing services (figure 1>2). This Bodal vaa selected as 
tha basis for determining the annual buildup rata, the replaceaent 
requirements, and the number and type of satellites required. Baaed on this 
deaand, communication miasiona scenarios were developed for the three apace 
support system options: 

The traditional functions which the scenario addresaea are satellite 
launching, LEO checkout and deployment, and satellite transfer to 
geostationary orbit. In this scenario, a comnunication satellite aud/or OTV 
is launched froa KSC aboard the Shuttle space vehicle into a low earth orbit 
inclined at 28° and at an altitude of 200 nmi. After checkout, OT/ mating, 
and deployaent (fx^m the arbiter or Space Base), the satellite is transferred 
by the OTV to a geostationary equatorial orbit located at 110° west 
longitude. 



FI3URE 1-2. COJOBmi CATION DSKAHD PKOJECTIONS 
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Tba coBBunicatlon requlreaents were established by coobioin^ the U*S. 
eoaaerclal requireaeate with the foreign cctsmunicatlon requireaenta {aaaumed 
to be 50^ of U.S. raquireaents) . A total of 142 aatellltea were Included to 
Beet the aedlua deaand over the 1982-2000 time fraae. This total was 
determined by utilising the available satellite optiona/capability in 
Table 1-5 to provide yearly buildup rate of transponders consistent with - 
Blesion requireaents, including rsplacoaenta dua to lifetine expiration. A 
euaaary of these 142 satellites is provided in Table 1-4. 

Increasing service life of a communication satellite can have veiy large 
econoaical banefita. Initial analysis has defined potential satellite 
servicing concepts. 

Satellite design philosophy for incorporating servicing capability includes 
the replaceaent of " life-limiting" components on a scheduled basis or 
accoanodating failure by replaceaent of failed subsystems as required. 

TABLE 1-5. CAHDIDATB SPACECRAFT OPTIOSS 
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TABLE 1«4. SOMMASI OF SATELLITE REQUIREKEETS 
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D.O.B. Klaalon Modal 


The BOD Mlasion Model had to be handled in a more general way, since the 
payload information is secret. The Air Force provided the source materials 
and Roekvell reasoned adaptations to eliminate obvious duplications. 
Adjustments were also incorporated to make the traffic model consistent with 
the existence of a space base. The number of Shuttle flights was derived from 
payload manifest lengths as given in Air Force sources. 

The Rockwell derived mission model is intended to be representative and 
cot official. In aggregate, it reflects masses and rates sufficient for the 
transportation requirements analysis. Bockw.ell "growth" versions were 
incorporated into the model to explore the effects growth would have on space 
transporation requirements. 

Table 1-5 illustrates the growth of DOB traffic vs. transportation 
system Improvementa. The deltas which characterize each level of growth are 
identified. 
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TABLE 1.5. PAYLOAD MODEL GHOVTit SGMXARY 


TMFfIC 

GKOWii* 

I TRANSPORTATiM SYSTEM IHPROVEHEHTS I 

GASIC sHimu 
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ADO GROUND- 
BASED OTV 

ADD $K 
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im 
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KOiim 
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• ADO SERVICING AND 
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ALLOWS HOAE MUL- 
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DEL IV. BY ORBITER 



j j ^ ,1 ^'V•1 IiTk^B 

• ADD SERVICING AND 
REPAIR CAPABILITY 

• INCREASED STS 
EFFICIENCY 

HIGH 

HIGH 


• ADD NEW SPACE 
DEFENSE MISSION 

• SAME AS ABOVE 


More specifically, oillltary ntiseions and cost effectiveness can be 
expected to benefit from iccrenses in spacecraft mass and volume. It is 
interesting that many of today's spacecraft have already grown to the limits 
of the transportation capacity available. Consider the options that would 
become available to the satellite designer if mass and volume constraints were 
relaxed: fcr existing missions, most are low technology, life-extending, and 

cost-avoidance in nature. Our projection to the mid- 1990’ s shows where we 
believe current military spacecraft could benefit me t from reduced 
transportation constraints. Addition of new missions such as ASAT, 
space- based radar, and space- based laser would add to the mass-'to-orblt 
requirements. (See figure 1.-3) 
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FIOJER 1-3. military payload growth 
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if ASA Pl«oet«ry Hiasiona 

Th« XASA Planetary Hiaalon Area spacecraft definitions vers established 
froiK the current NASA planning; for near term solar system exploration and the 
NASA/ JSC Nolfer model to fill out tbs long tern mission requirements. 

Specific solar systcu exploration selected as moat probable to be executed_and 
therefore included in the model uere the follovlng: 

o Galileo 

u International Solar Polar Mission 
o Venus Orbiting Imaging Hadar 
o Origin of Plasma 

o Plasma Turb. Explorer 

o Sat'im Orbiter (Dual) 

0 UNP Program - Urai. Nep Pluto 
o Lunar Polar Orbiter 

0 Astroid Nultl Rendezvous 

o Mars Advanced Technology 

o Extraterrestrial Material Processing 
o Luner Sample Return 

o Close Solar Orbiter 

o Venus Lander 

0 Auto Mobile Lunar Survey 

Missions U}(P Program through Auto MOBILE Lunar Survey are launched during 
the SOC era under consideration :i99C“2000). The upper stage used for these 
nisaiona is the cryogenic OT/ defined for the SOC era. The addition of drop 
tanks to provide additional OTV propellant are required for the UJP 
Program-Uran ilep Pluto Mission. 

Space Processing Mission Model 

The epace processing development logic used for mission and traffic 
modeling involves an evolutionary process leading from small experiments to a 
free-flying space factory spanning a development period of eight years 
(tigure 1-4). 


0113R 


1-10 


ORIGINAl FAGS IS 

OF r^cca QUALITY 


•»ta noctuiHC imveiomcnt ioo<c 

•THU niASI 0fVUOrMO4T 

I fXKBMtNTATtON -SVIAKCYCU 

n noccu ocvnonw NT -TYCAicrai 

M NO«UCTON OtVUOTMCNT >I V{M CYUC • UU.TS IN fU 

nVINO FACTOIY 


•MSSONHOW 

(mioiUMMOoa) 


l~Ti 3 I * \ 


VtAH 

m 


1 "^ i "" r~r 


<#l • 3 EXmiMNT STMtn A 

mvtAi 

. I MISSDN KK YIAI K» 
tXKIIMNT SIAAT 

- 1 txraiMfm succtEos 

TO «■ 

•#H • t.l/l VTAI MmOfMCNT 

• 1/3 VtA< flight TKT 
MllYU TISI AND SBVKE 
MONTHLY 

-MK AnDMLOFMtNIS 
WCCUDTO «m 
•#UI - 3 Yf Al Of Vf lOPMENT 

• OtMONSTIATION FKt FlYf I 
IN WO YtAII WITH 3 SEIVICIS 

• tACH #111 DEVELOPMENT SUCCEEDS 
TO PIOOUCTION FACTORY 

•FtEE hying PRODUCTION FACTORY 

• •SERVICE MISSIONS PER YEA* 



#ni DEMO. FACTORY HT. TEST I 
DfllVEti 
3$E*viCfMiae)N»— ^ 


iTf TTT 


FACTOCYC 


DELIVEtw II f 
3 SERVICE MISSIONS FUST YEAR — LLI 
4 SEIVia MlSSONS/VEAR OYP.I 


1-4. SPACE PR0CBS3ISG 3£/SLCF.E*i? LC^IIC 

A three-phase space processing development has been postulated, i.e. , 
experimentation, process development, and production development. Tnese 
phases have 3-, 2-, and 3-year cycles, respectively, and result in a 
free-flying factory at the end of eight years; the spate processing paylosi 
model is given in Table 1-5. Three experiment starts have been assumed per 
year with 33? of experiment starts succeeding to Pnase 2 at the end of the 
three-year cycle. ?ifty percent of process developments are assumed to 
succeed and become production developments at the end of the t»o-year process 
development cycle. 

Each production development ia aaaumed to result in a production 
free-flying factory. Process development flight test spans a six-month 
period, with service monthly. Production development payloads and free-flying 
factories are serviced quarterly after delivery. Resulting total mission 
payloads are as shown in Table 1-5. 
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TABLE 1-6. PAYLOAD MODEL 
MISSIOH AREA SPACE PROCESSIUG 



NASA Teeh.iology Development A Life Sciences Missions 

Mission needs and spacecraft definition for the NASA Technology 
Development and Life Sciences Mission Area were established from the current 
NASA definition of 26.5^ spacelab missions, science and applications 
nlssiona for the proposed NASA 25KV power system follow-on, and NASA research 
and development mission spacecraft contained in the mission model assembled by 
Nr. Barry Volfer at NASA/JSC. Included also, in this mission area were NASA 
Growth Missions to GEO. The logic for the Inclusion of these missions is that 
the advent of SOC will provide the impetus and opportunity for conducting 
technology development and life science missions at GEO such as the 
development of large servicable communications platforms. Therefore, a large 
low density '12,000 lb - 44 foot cargo bay package) growth mission payload was 
postulated for annual launch subsequent to the SOC achieving full operational 
capability as part of the mission model. Typical of the NASA research and 
development spacecraft selected for Inclusion are space telescope, LDER, large 
solar observatory, and the large optical ultraviolet telescope. Each of the 
missions included for this mission area are considered to consist .of 
servicable spacecraft during the SOC operational era under analysis 
(1990-2000). However, this mission area includes spacecraft and platform 
launches only, while the servicing missions are included in the satellite 
servicing mission area. 
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Earth Obaervation < Science A App l ication HlSBlona 


Earth observatioa and science and applications programs have been 
reviewed to give Initial insights into earth surveillance aissipns. This 
study resulted in definition of a concept Integrating all of the benefits 
obtained during the past 20 years. A spectrum of weather, resource, and 
climate satellites have been examined, representing a reasonable range of 
feasible approaches. 

Satellite Servicing Missions 

The satellite servicing mission area consists entirely of LEO servicing 
missions for the spacecraft, and science and applications platform payloads 
that were included for launch in the NASA technology development and life 
sciences mission area discussed above. Servicing missions are considered to 
be an Integral part of the materials processing in space mission area as 
well. However these servicing missions are Included as part of the space 
proceeaing mission model. The spacecraft and platforms selected for eerviclng 
missions, being a subset of the NASA technology development and life sciences 
mission model, are described for that mieeion area. The spacecraft selected 
for servicing missions are the following: 

o Space Telescope 
o LDE? 

0 25KV Power System Science and Applications Platform 
o AXAF - Advanced X-Ray Astro 
o Large Solar Observatory 
o Ambient Deployable Infrared Telescope 
o Large Optical Ultraviolet Telescope 

Each of these spacecraft and the 25KV power system science and 
applications platform ware ccnaldered to require servicing on a ratio of lb% 
of their orbiting weights. The spacecraft were scheduled for a four year 
servicing cycle and the platform was scheduled for annual servicing in order 
to develop the miaaion model. For the purpose of this medium model no 
servicing at CEO, either manned or unmanned, was considered to occur before 
the year 2000. 

Space Construction Missions 

Only two operational missions are included in the model for the space 
construction miaaion area. These mlasions are, the pinbold x-ray telescope 
launched in 1995 and the deep space relay station launched n 1997« These 
missions were selected from the candidate list of space construction missions 
contained in the NASA/JSC Volfer model. Each of these missions are 
operational CEO spacecraft that ara constructed and checked out in LEO and 
then tranefsrred to GEO using the cryogenic OTV. Earlier technology 
development mlesiona associated with space construction are included in the 
NASA technology development and life sciences mission area and only the 
operational miaaions that were considered most likely to occur were included 
in the space construction mission area. 
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1.2 TRA??IC MODELS AHALYSIS 

Traffic oodela are developed that accomnodate the miaeion aodel needa. 

The nodele developed consider both a SOC eleasnt available case and a no - SOC 
case. 

Alternate Aeconucodation Modes Options Sefintions ^ 

Three accommodation modes were selected for the cost effectiveness trends 
and analyses (Figure 1-5 and 1-6). The different accommodation modes were 
selected to provide a data base for an evaluation of the most reasonable 
spectrum of viable options to establish the key issues that must be addressed 
and evaluated. They also serve as the definition of the factors that provide 
the cost comparisons between options. Analysis of the crew hours required to 
accomplish the total mission area payload requirements was established and 
evaluated to compare the comyatility and total costs of the Shuttle-only 
options and the SOC options. 
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FIGURE 1-6. ALTERilATE ACCOMKODATIOR MODE “C" 

Suamarlsed in Figure 1-7 and Figure 1-8 are all the significant features 
of each of the three options. The three acconnodation nodes were evaluated by 
creating mission manifests for the 11-year period from 1990 to 2000. Option 
that includes the SOC in the accoaaodation mode is shown to be the most 
cost effective, !>22.8 billion for Option A-1 vs $57.2 billion for Option C-2. 
The maj sr reason is the significantly increased load factor for the STs and a 
reduction in user risk because of payload deployment and checkout at the SOC. 
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Scav^pgine Analysis Summary 


All analysis to data have indicated that auborbital recover}’ of unused B7 
propellants is a viable concept with significant benefits to the SOC 
operational scenario. ' 

The aaount of propellant remaining In the GT at the end of boost is 
dependent upon how such payload was carried to orbit. Aside froa the flight 
perfomance reserves and residuals trapped in the system the GT will contain 
an additional 0.95 pounds of propellants for every pound of unused payload 
capacity that might exist on a given flight manifest. 

The relationship between L02i hH 2 and total propellants remaining and 
the Shuttle unused payload capacity is shown in Figure 1-9* Values of 
propellant remaining can be up to 80,000 pounds or even higher depending upon 
future Shuttle improvements and/or growth options. 

The benefits of recovering these propellants and delivering them to a 
storage facility on the SOC for later use on OTV missions provides significant 
savings in annual Shuttle flights through reduced OTV propellant deliveries. 


e INCLUDES ET t MPS PLUMBING 


ORBITER 103 NOMINAL 
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20 40 <0 

UNUSED PAYLOAD CAPACITY • 1000 18 


FIGURE 1>9. NOKIKAL UNUSED PROFGLUNT AT NGCO 
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Orbit Transfer Vehicle Options 


Achieving the most effective and efficient orbit transfer capability is a 
Bultifaceted problen. The ansver involves interactions with the design of the 
payloads to be transported. Interactions with the design approaches to be 
applied to the OTY itself, interactions with the Shuttle as the primary ~ 
ground-to-LEO logistics vehicle, and interactions related to whether or not a 
space base is to be employed. 

Payloads must be designed to take naximum advantage of whichever orbit 
transfer concept is employed. They must be compatibly sized and designed for 
the orbital deployment and checkout operations most appropriate to the basic 
transfer concept. 

The OTV design approach, either space baaed or ground based, affects its 
size and delivery performance as well as the program support elements 
(deployment and mating aids, etc,) required to make each design approach work. 

The Shuttle as the main LEO logistics vehicle in the Space Transportation 
System interacts with both the payload design and the OTV approach. It 
interacts with the payloads by virtue of their size, packaging density in the 
orbiter bay and deployment/checkout/OTV mating requirements and aids. The 
main OTV-payload interactions are the mass/slze to be transported and the OTV 
thrust environment during the powered delta-V maneuvers. OTV size further 
affects the operational tactics required, muIti-Shuttle time on orbit needed 
to perform the required delivery and on-orbit operations. This interacts with 
the orbiter fleet size and related launch and turnaround facility needs. 
OTV/payload/shuttle interaction concepts for the ground based no SOO option in 
the single laiuich and duaj. launch operations mode are depicted in Figure 1-10 
and Figure l-ll. 

The use of a space base affects all three of the above interactive 
areas: payloads, OTV's, and the Shuttle. With a space base, payloads would 

have a facility for easy deployment and checkout with manned trouble-shooting 
support. Space-based OTV's can have high stage weight efficiencies, can be 
designed for reusability, and can have broadened sizing option not constrained 
by what can be delivered full of propellant in a single Shuttle flight. In 
addition, apace basing with propellant storage allows full exploitation of 
external tank propellant scavenging and the use of propellant piggybacking to 
greatly reduce space transportation costs. SOC based OTV operations concept.^ 
are indicated in Figure 1-12. 
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FIGURB 1-12. SOC BASED OTV COHCEPT 


On OrMt-Checkout and Servlcinj; 


K prellBlnary estlnat* of total checkout and servicing manpover 
requireaents for the three traffic model altomativea, covering the years 
1990-2000, vas prepared, ?igure 1-6. These results dealing with small, 
free-flying satellites and assembling larger payloads in space, generally 
indicated the Space Base option is less costly to the user, requiring fever 
man-hours and less costly transportation of airborne support equipment. 

The analysis performed to determine the eignificant differences and 
similarities between servicing and checkout operstions involving an STS 
arbiter alone (Alternatives C-1 and C-2) and analogous operations utilising 
space operations center (SOC)— Alternative A la reported in Section 4, the 
flight support facility. 
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Having aatabllahed the oiealon model and alternative accoamodation 
options, and identiflng the nieslon payloada that are available for SOC 
interaction, STS Traffic Models for each of the accoaaodation options are 
developed* 

STS manifests that incorporate the payload packets identified by mission 
area and packaging density, are determined for each accommodation option. 

Table 1-7 represents a typical example of the manifests generated. The 
manifests cover eleven years of SOC operation (1990-^000), include all mission 
areas, and display the mission payload physical characteristics and 
manifesting ground rules used. The example shown Is for the SOC option for 
which the payload bay volume was used to load the OT/ propellant required for 
the CEO missions. This capability to **top off the orbiter payload bay when 
conducting missions to SOC lead to the conclusions that no dedicated "tanker'* 
flights are required when SOC is utilised, and that the orbiter is operated at 
a higher average load factor and therefore more efficiently for SOC 
operations. The manifests were than compiled into STS traffic models for each 
accommodation option. These resulting traffic models are shown as Tables 1-8 
through 1-10. 

Vor convenience a subset of each model was generated to identify tne SOC 
related GSO node traffic for the years 1990-2000. These CEO node traffic 
models are shown as Tables 1-11 through 1-13. 

TABLE 1-7. OPTICS A MISSION MAHI?SST (TYPICAL) 



e payload physical characteristics and MANIFES:^N6 
CROUNORULES USED TO ESTABLISH 3 TRAFFIC MOOCU 

e UNALLOCATED LOAD FACTOR OF) AND PAYLOAD VOLUME USED IN 
PROPELLANT TRANSPORT ANALYSIS (A) 
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The final task in organization of tba baele data raquired for the fleet 
utilization analyaie was to identify the LEO to GEO OTV Traffic Model for the 
SOC related years froa the ulesion and SIS traffic aodele. A eunnary of the 
OTV usage for the three options using the medium alsaion model is shown in 
Table 1-14. 
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TABLE 1-14. MISSION SCENARIO 2 OTV USAGE SUMMARY 
(SOC ERA 1990-2000) 
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1.3 TBAfFIC SEiiSITZVITY ANALYSIS 

la addition to the basic traffic analysis , focused on SOC vs. no-SOC 
options, an investigation was perfomed of the Important traffic 
sensitivities. For the SOC related missions an analysis was conducted to 
determine the interrelated effects of payload density and key space system- 
variables on the number of shuttle flights required to satisfy the mission 
model. The key space system variables considered are: OTV performance, 

shuttle payload capability, the application of aero braking technology to OTV 
performance, the effect of eliminating ST propellant scavenging, and the 
effects of changing the variable altitude strategy for SOC to a constant 
altitude strategy. A discussion of each of these Issues follows. 

Average Cargo Characteristics 

As a starting base for the traffic sensitivity analysis average cargo 
characteristics were deteminod for the complete traffic summary over the 
11 year (1990 through 2000) period used in the study. These data are 
summarised in Table 1-19. 


TABLE 1-15. AVERAGE CARGO CHAR/.CTERISTIC3 
(11 YEAR TRA??IC SUMMARY) 


[ SOC 
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Load factors baaad on the coabinsd oargo and propellant weight delivered 
per flight are shown for two reference conditions* The 60K reference | 

condition refers to the currant JSC 07700, Vol. 14, shuttle psyload capability I 

to 150 n.ni orbit (60000 lb). This allows direct coaparison with load factors j 

for non-SOC missions where payloads may not reijuire delivery to, the 200 n.ai | 

SOC orbit altitude. The 56K reference condition inoorpurates the reduotior. in ; 

shuttle payload capability to the 200 u.mi. SOC orbit (56000 lb). The 1*03 i ' 

load factor for this condition reflects the benefits of propellant 
scavenging* The shuttle arrives at the SOC with more than the 56000 lb lift 
capability because of the propellants recovered from the ET* The relatively 
poor load factor for the non-SOC option la the result of many CEO satellite 
delivery missions requiring two shuttle launches each, one for the satellite 
and one for the OTV* 

Propellant to Cargo Velght Relationship 

In order to properly assess the effects of many of the traffic 
sensitivities it is necessary to determine the relationships between cargo 
weight and propellant weight which are possible when operating in the SOC 
scenario and with maximum propellant scavenging. Plots of this weight ratio J 

(Wp/Wcj^QO) are shown in Figure 1-13 for several orbiter payload | 

capabilities* The 80K orbiter refers to a growth shuttle with BOOOO lb 1 

delivery capability to LEO. The other two cases ref' ct the standard orbiter ' 

capability to (a) 200 n.mi. and (b) 236 n.mi. This la 56«. 0 lb and 47000 lb 1 

for the two cases respectively. These curves are needed to determine the | 

effects of vTf performance, shuttle performance and SOC altitude strategy on < 

the number of shuttle flights required to satisfy the nisalon model. 

Specifically, the effects of changes in propellant requin«menta (OTV perf.) - 

and/or shuttle payload capability on the cargo weight while maintaining the ; 

maximum attainable load factor can be determined. I 



CADCO WIICH?, IKIOLI 


fICURB 1-13. CARGO TO PROPELUNT VEIOHT RATIO FOR 
MAXIMUM SCAVE^GIRQ 
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OTY Parfonaance Effects 




The basic OTY perfomanee factors considered were structural mass 
fraction, A< and specific impulse, lap* Figures 1-14 and 1-15 show the 
effects of these vex'lables on the propellant requirements to deliver a pound 
of pqrload to GEO from the SOC. The reference configuration used for the^ 
data was the space-based reusable OTV described earlier (X - 0.906. 

^ep " sec.). As shown on the curve (Figure 1-14) a reduction in stage 
mass fraction, AX, of 0.01 results in a 21.8^ increase in propellant 
required. Applying this factor to the 1.093 value of W-/¥- from the 
traffic summary data a new value of 1.331 is required. ^Prom the standard 
orbiter curve of Figure 1-13, the cargo weights for these two propellant to 
cargo weight ratios are 30300 lb and 27400 lb respectively. The number of 
shuttle flights must increase by the ratio of these two weights in order to 
deliver the new mix of propellant to cargo along with the same total cargo as 
required for the reference OTV case. Thus, the number of shuttle flights is; 
N • 30300/27400 X 247 “ 273 , AN “ +26 flights. Average payload density for 
this case must increase to 5.3 Ib/ft^. 

In the event that cargo density cannot be Increased to the above value, 
the extra propellant required to make up for the 0.01 reduction in OTV mass 
fraction could be carried up in dedicated tanker flights. Tuus, where cargo 
density is held constant the number of extra shuttle flights required, 

6N " + 35 . Thus, shuttle flight requirements are extremely sensitive to OTV 
mass fraction. 



FIGURE 1-14 PROPELUNT SENSITIVITY TO NASS FRACTION FOR GBD DELIVERY PROM SOC 
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riCORE 1-15 PROPELLANT SENSITIVITY TO SPECIFIC 
IMPULSE POP. GEO DELIVERY PROM SOC 

Figure 1-15 ahovs the equivalent effects of I^p on OTV propellant 
requirements. Converting these data to shuttle flight numbers in the same 
manner as described above for the mass fraction effect, AN - +14 flights for 
B reduction in Ig- of 10 seconds. This case requires a cargo density 
increase to 5>4 Ib/ft^. If cargo density cannot be increased the number of 
extra shuttle flights grows tc '^19, again assuming all the extra propellants 
are delivered by dedicated tanker launches. 

Sensitivity to Shuttle Payload Capability 

Various growth options for Improving the shuttle payload capability have 
been studied. To analyze the effects of these increased capabilities on 
shuttle flight requirements a representative growth value of 80000 lb to LEO 
was selected. Returning to Figure 1-13, the cargo weight for the 80K orbiter, 
is 39500 lb. Rationing this to the standard orbiter value of 30300 lb 
provides a savings of 57 flights. However, cargo density must increase to the 
very high value of 7.1 Ib/ft*. Ho reduction in shuttle flights is possible 
if cargo density cannot be increased, because all the propellants required can 
be delivered with the standard 6(% orbiter. 

Effect of Applying Aerobraklng Technology 

Several studies have appeared in the recent literature showing the 
potential performance advantages of employing aerobraklng technology to OTV 
designs. Plgure 1-16 shows a representative configuration which was used to 
determine the effect of aerobraklng technology on the number of shuttle 
flights required for the specified mission model. 
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Using these generic characteristics It vas deteralnsd that a propellant 
savings of 18*7 percsnt over the reference OTV configuration could be achieved 
using aerobraklng technology* This applies to CEO deliveries with the OTV 
returning to the SOC empty, and results in the reduction of shuttle flights by 
>■-27. Again because of payload cospaction and orblter c.g. constraints the 
cargo density must be increased to 6,J Ib/ft^ to take full advantage of the 
Increased OTV performance offered by aerobraklng. 

Propellant Scavenging Effects on the Hunber of Shuttle Flights Hequlred 

There are two cases which tend to bound the potential effects of 
propellant scavenging on the number of shuttle flights required to meet the 
mission model. They are: (a) assume all propellant which can be carried to 

the SOC with the required ratio is used by the OTV (no excess), then 

approximately 9000 lb per flight would be scavenged (the maximum possible with 
a full cargo), (b) assume a load factor of 1.0 (referenced to the 56000 lb 
orblter capability to the SOC altitude) can be achieved with payload topoff 
techniques alone and without scavenging. Then only the 5 percent associated 
with the 1.03 load factor in the average cargo characteristics, Table 1-15, 
would be provided by scavenging. 

The effect on shuttle flights for ease (a) is to increase the number of 
shuttle flights by 61 and for case (b) by 12 flights. Thus, without 
propellant scavenging somewhere between 12 and 61 additional shuttle flights 
would be required to meet the mission model needs. 

Effects of Constant Altitude Strategy 

Another important factor in optimising the logistics efficiency for the 
SOC is the application of a variable altitude strategy. In part one of the 
study (Rockwell Report No. SSD 81-0076, Vol 1, dated 17 April 1981) it was 
determined that SOC orbit altitude for a constant altitude strategy would be 
236 n.ml. to meet the 90-day orbit decay criteria with a ♦3c maximum 
atmosphere. The effects of flying continuously at this altitude are presented 
here. 


Holding the Vp/Vg ratio at the nominal value of 1.093 Ib/lb in 
Figure 1-13< the cargo weight is shown to drop to 25000 lb going from the 
standard orblter curve at 200 n.ml to the curve for the orblter at 236 n.mi. 
The number of shuttle flights therefore grows to AN “ ^52 flights. The 
minimum payload density becomes 3*5 Ib/ft^. The density effect of the 
reduction in average cargo mass from 3^300 lb to 25000 Ib is partially offset 
by the bay volume reduction for the OKS kit needed to reach 236 n.ml. When 
the atmospheric density follows the expected trends over the 11 year solar 
cycle (which is most of the time) the SOC can be safely operated at altitudes 
of 200 n.Hti. and lower. Thus, the constant altitude strategy could cost up to 
an additional 52 flights. 

The traffic sensitivity affects for all of the foregoing factors are 
sunarlsed in Table 1-16. Degraded OTV performance, eliminating propellant 
scavenging and applying a constant altitude strategy, can all require dramatic 
increases in the number of shuttle flights. Increased shuttle payload 
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TABLE 1-16. THAPPIC SBHSITIVITIB3 


REFERENCE VALUES (II Yft TRAFFIO: 
N* 247 FLIGHTS P^yC 


1 


AN 

^VG 

] FACTOR 

SHUnUE FLTS 

Jbiv? 

OrV PEf^ORMANCE: 

AX- -0.01 

♦35 

2.5 



♦29 

4.4 


AIsp- >10 see 

♦19 

2.5 



♦16 

4.B 

STS P/L PERF: 80K ORBITER 

0 

2.5 



-57 

13 

AEROBRAKING 


0 

2.5 



-23 

5.6 

NO SCAVENGING (a) 9000 Ib/FLT 

♦61 

-7* 

(bl 3% LOAD FACTOR 

♦12 


CONSTANT ALTITUDE STRATEGY 

♦37 

17 


perfomance and the application of aerobrahing technology to the OTV can 
significantly reduce the number of shuttle flights required, but only if very 
high packaged densities can be attained by the payload designs. These high 
densities are two to three times higher than current payload definitions 
(excluding propellant/fluid deliveries) which suggests they will be difficult 
to attain. 

Payload Density Considerations 

In the preceding discussions on traffic sensitivies payload density was 
shown to be significantly affected hp many of the sensitivity factors. This 
is the reuult of the interrelating constraints of payload volume vs. 
propellant volume and the orbiter c.g. constraints. As the ratio of 
propellant to cargo weight is changed to meet different OTV needs or the cargo 
weight is changed in accordance with variations in shuttle payload capability 
the relative volumes for propellant and cargo change. The tank length affects 
the location of the payload c.g. as shown in Figure 1-17, and the tank length 
is affected by the amount of propellant it must contain. For this analysis we 
are interested in the maximum propellant which can be carried with a given 
payload. The relationship between propellant and payload, assuming maximum 
scavenging is shown in Figure 1-18. Applying these propellant weights to the 
c.g. constraint geometry depicted in Figure 1-17 results in the payload 
density versus payload weight curve (dashed line) in Figure 1-19. This curve 
represents the minimum density attainable while still maintaining maximum 
shuttle load factors (actually greater than 1.0 because of scavenging). The 
dashed line is slightly conservative because it presumes a uniform density for 
the payload and ignores the effect vt tank weights in calculating the c.g.'s. 
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FIGURE 1-19. PACKAGED DESSITT COHSTRAIHTS OU SHUTTLE PAYLOAIS 

It should also he noted that the allowed c.g. 's were determined for the case 
with the tanka empty which is the prohahle condition for landing where the 
c.g. constraints apply. 

A alfflilar analysis was conducted for cases where scavenging was 
eliminated to determine the effects of the c.g. constraints on pure payload 
deliveries. This is plotted on the double dashed line of Figure 1-19. As 
would be expected, eliminating the propellant tanks and allowing the payloads 
to he placed farther aft in the hay reduces the minimum density requirement 
significantly. 

Although these results are slightly conservative they give a reasonahle 
insight into logistics sensitivity to payload density. 

Payload Density Effects for Non-SOC Options 

Payload density effects on non-SOC missions were also briefly 
investigated. The most critical of these mission types are cases involving 
CEO payloads which are delivered to orhlt on the same flight with the OTV 
which will carry them to GEO. Here the hig variables are OTV design and 
shuttle payload capability. Both of these variables affect how big the OTV 
must be and hence how much room is left in the shuttle bay for the payload. 
The main problem variables are depicted in Figure 1-20. 
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PIGURE 1-20. OTV SIZING EFFECTS Oil PAYLOAD DEiTSITY 

The ratio of payload weight to OTV weight for GEO delivery missions are 
shown for four OTV options. These reflect the mass fraction and Ig_ 
characteristics described in the preceding sections for their respective 
concepts. The OTV weights are converted to their respective lengths with the 
relationships in Figure 1-21. Payload lengths are converted to their minimum 
payload densities (assuming uniform mass distribution) as shown in 
Figure 1-19> The effects of shuttle payload capability are determined by 
simply Increasing the gross cargo weight allowed and solving for the matching 
OTV and payload weights. 

As shown in the curves, increases in OTV performance and Shuttle payload 
capability lead to higher plateaus of payload performance. However, to 
actually achieve these performance increases payload density must also be 
increased. OTV technology advances cannot be fully exploited without 
increases in payload packaged density. This is because the advances which 
allow down sizing the OTV also result in larger payload weights. The increase 
in space available for payloads approximately matches the growth in payload 
capability thereby resulting in a clustering of the payload versus density 
relationships to follow the same growth trend for all options. 
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7IGUBE 1-21. OTV STAGE LErtGTil VS PROPELLANT WEIGHT 
1.4 DEDICATEE ORBITER CONSIDERATIONS 

Four aspects of a dedicated SOC mission versus a non-dedlcated (mixed 
missions) Orbiter configuration vere studied to determine the 
feaslbilit^/desirability of a special Orbiter for the projected SOC missions. 
The four aspects studied were: reconfiguration tasks, time to accoDT''’lsb each 

task, and the manpower requirements for these operations; ETH and VTL traffic 
levels: the cost of repeated reconfigurations of the Orbiter during an eleven 
year period; and the increased payload benefits associated with a dedicated 
SOC mission configured Orbiter. Preliminary conclusions are established from 
the four-part analysis. 

The Orbiter turnaround baseline of 160 hours, which will govern the 
turnaround of operational vehicles In the eleven year period of interest, is 
shown In Figure 1-22. The timeline shows that 96 hours are allocated for 
Orbiter maintenance and checkout operations in the OPF, and of that total 
period, only 78 hours are nominally available for payload related tasks. One 
objective of this analysis is to avoid any schedule impact related to 
payload- type tasks. 

Reconfiguration Time and Manpower Requirenenta 

Osliw; the KSC STS Ground Operations Plan, Volume III, STS Flight Kits 
Plan (April 13, 1979), fifteen items wore identified as possible operations to 
be performed when reconfiguration from a mixed cargo to a SOC mission 
configuration is performed. Figure 1-23 lists these items and indicates that 
957 manhours are required. 
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FIGURE 1-22. ORBITER TURNAROUND TIMELINE 
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4.0 

2.0 

a.o- 

3. REMOVE MISSION station ACCOMMOTSATION KIT 

3.5 

2.0 

11.0 

«. REMOVE PAYLOAD STATION ACCOMMODATION k;* 

5.3 


<1.0 

p. Install soc on-orrit station accommodation kit (|m> 

3.5 


11.0 

a, REMOVE ONE SET OF FUEL CELL CRYO TANKS (115) 

40.0 


240.0 

t. INSTALL MIO^XCK crew SEATS AND ACCOMMODATIONS (I2q 

D 


4.0 

10. INSTALL n SCAVENGING TANKS (123) 

03 


114.0 

Tt. INSTAU payload GRAPPU FIXTURE <t2S) 

IB 

1.0 

2.0 

It. REMOVE inside AIRLOCK (125) 

tt.0 



tt. INSTALL DOCKING MODULE AND MOUNTING KIT (131) 

33.0 


MS.0 

M. INCTAU PIDA (132) 

15.0 

Q 

43.0 

IS. INSTAU HPA (»32) 


Q 

•1.0 


23P.3 

Eg 

P57.0 


•AntNOix k. kk cts ckound okrations !1an, voiume m. sts richt kits ran 


PICURB RECOHFIGURB ?ROH MI^D CARGO TO SOC MISSION CONPIGURATOH 

Prelialnary scheduling of the reconfiguration tasks is shown to take 
86 hours, caused by the requireaent to renove the internal airlock and install 
the docking nodule and associated mounting kit in sequential operations. The 
86 hours required is Just sufficient to meet the ailsatone (at 67.5 hours) of 
closing the payload bay doors. Although additional study of these tasks would 
be necessary to add more margin (86 hours versus the allocated 78 hours 
modification period), no actual schedule impact is anticipated for this 
reconfiguration operation from a general cargo to a SOC mission configurate on. 

To reverse the Orbits r configuration (from a SOC mission to a mixed cargo 
mission) tho same fif:een tasks are shown in Figure 1-24 to require 
2511 manhours. Task no. 8 (install one set of fuel cell cryo tanks) is the 
principal contributor to the excessive amount of manhours required to perform 
this turn around operation. Retention of the cryo tank Installation for the 
SOC arbiter is recommended. By deleting this Task no. 8, the manpower totals 
decreaa to 65 1. 

Ho schedule Impact, therefore, is anticipated for these reconfiguration 
operations, changing the Orbitsr from a SOC mission to a general, cargo mission 
configuration. 

ETR and WTR Traffic Models 


The GTR traffic model, Figure 1-25, indicates that all SOC-related 
missions average 22.5 flights per year for the eleven year period of interest. 
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FIGURE 1-25. ETR TRAFFIC MODEL SOC OPERATIONS 
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An orblter, configured eepeclslly for tho SOC alssion, would be utillned 
100 %, Individual years, however, shows sons undei^usage (1990-1992) and sons 
excess SOC flights (1993, 1994, 1997-2000) which can be resolved by sharing 
the Orbits r stationed at VTB, (figure 1-26), (or a third Orblter based at ETR). 

A third operational Orbiter may be a necessity at an early date because 
of various contingencies which nay arise during STS operations s 


Delayed launches and/or recovery of the SRBs due to inclenent 
weather at the launch site and/or heavy sea states at the SRB lopact 
area. 


Unscheduled Orblter nalntenance nay require more than the allocated 
tine (40 hours) in the OP?. 

A? (WTR) launch-on-demand requirements may prevent mission sharing 
with the ETR launch site. 

On-orbit recoveiy operations may dictate that the VTR-based Orbiter 
land at VTR rather than ETR for mission sharing. Ferry requireaenta 
would add 7 to 9 days to the Orbiter turnaround operations. The 
reverse situation may also exist. 


The above factors will reduce the usage of ETR-based Orbiters by about 
15 % and VTR-based Orbiters by about 10^. 
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FIGURE 1-26. VTR TRAFFIC MODEL 
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CoBt of H«configur>tion Operations 

Flgur* 1-27 i8 a auuary of the ETR excess SOC flights which could be 
aeeosBOdated the VFR-based Orbiter. Duriog the eleven year period of 
interest, the VTR based orbiter reconfiguration operations will, cost 
approrlaately 1.4 allllon dollars (about $125,000 Mr year). Our tentative 
conclusion is that ^125,000 per year (average coat) is acceptable in order to 
utilise ‘the WTR-based Orbiter as much as possible. 

The cost benefits of employing a SOC dedicated orbiter, that requires no 
reconfiguration effort, is approximately $15,600,000 during the eleven year 
period of interest. 

Payload Weight Change Benefits 

Figure 1-28 suismarlBes the effect on payload weight of a dedicated 
Orbiter configured for SOC missions. The weight shown is in contrast to a 
standard Orblte. configured for a SOC nisslon. The net payload improvement is 
approximately 2217 pounds more than a standard Orbiter. In the SOC scenario 
this extra payload can be fully exploited using the payload top off and 
propellant scavenging techniques. 
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t. KCONFiClfft FROM MIXED CARGO HARNESS KIT TO SOC MISSION KMNCSS KIT 

2. ADO LOGISTiCS aUlDS DUMT LINES KIT (NO DELTA WEIGHT) 

3. REMOVE MDIEO CARGO IM.LAST KIT (DELTA WEIGHT WKNOWN) 

4. INSTALL SOC MISSION lALLAST KIT (DELTA WEIGHT UNKNOWN) 

5. REMOVE MISSION STATION ACCOMMODATION KIT PELTA WEIGHT UNKNOWN) 

4. REMOVE FAYIOAO HATION ACCOMMODATION KIT (DELTA WEIGHT UNKNOWN) 

I . INSTALL SOC ON>ORRn STATION ACCOMMODATION KIT (DELTA WEIGHT UNKNOWN) 

•. REMOVE ONE SET OF HJEL CELL CRYO TANKS 

«. INSTALL MID-DECK CREW SEATS & ACCOAiMODATiONS (COUNTED AS PAYLOAD WEIGHT) 
10, INSTALL ET SCAVENGING TANK (COUNTED AS PAYLOAD WEIGHT) 

II. INSTALL rAYLOAD GRAPPLE FIXTURE 

13. REMOVE INSIDE AIRLOCK 

12. INSTALL DOCKING MODULE & MOUNTING KIT (NO DELTA WEIGHT) 

14. INSTALL PIDA (NO DELTA WEIGHT) 

15. INSTALL HPA (NO DELTA WEIGHT) 



FIGURE 1-28. PAYLOAD WEIGHT CKAiXCE WITH DEDICATED SOC COHPIGUEATIOH 

The coat of removing and re-inatalling the cryo tanka, over the eleven 
year period of Intereat, vould coat 468, 0(X} manhours (1900 manhoura for ramove 
and replace operations, times 247 missions), or ^18,790,000. 

Conelualons 


Table 1-17 aummarlses the preliminary conelualons. Indicating that a 
dedicated Orblter, configured for SOC missions, la racomended. Also, the 
VTR-based Orblter (or a third Orblter baaed r.t ETR) should be tlme-ahared to 
accommodete excess SOC oilaaions originating at ETR. A third Orblter may be 
required earlier than the 1999 date. Indicated by the traffic model studied, 
based on operational contingencies. Approximately 2000 Iba of additional 
payload capability is also available vlth the dedicated orblter configuration. 
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T4BLE 1-17. FREUHIRART COKCLUSIOSS 


SUeJECT 

CONCLUSIONS 

RECONFIGUKATION TASKSAIME 
AND MANPOWER 

• NO SCHEDULE IMPACT IS ANTICIPATED FOR REPEATED 
RECONFIGURATION OPERATlOPjS IF TASK NO. 8 

IS DELETED 

• ONE ST OF FUEL CELL CRYO TANKS SHOULD BE 
REMOVED FOR A DEDICATED SOC MISSION 
CONFIGURED ORBITER 

ETqAVTR 

TRAFMC MODELS 

• A DEDICATED ORBITER FOR SOC MISSIONS WOULD BE 
UTILIZED 100% (AVERAGE) DURING THE ELEVEN YEAR 
PERIOD OF INTEUST 

• WTR ORBine SHOULD BE MISSION*SHARED WITH HR 

• WTR ORBITER SHOULD BE RECONFIGURED FOR EACH 
SOC MISSION 

• AntR 1998, A THIRD OPERATIONAL ORBITER IS REQUIRED 

COST OF 

RECONFIGUKATION OPERATIONS 

• S12S,000 AVERAGE YEARLY COST IS ACCEPTABLE IN 
ORDER TO UTILIZE THE WTR ORBITER AS MUCH AS 
POSSIBLE (APPROACH 100%) 

PAYLOAD WEIGHT CHANGE 

• 2217 PAYLOAD INCREASE CAN BE EXPECTED FOR A 
DEDICATED ORBITER CONFIGURED FOR SOC MISSIONS 

• payload WEIGHT IS WORTH ABOUT $1000 PER POUND 

• AU INCREASED PAYLOAD WEIGHT OPTIONS SHOULD BE 
FULLY EXPLORED 


1.5 Fleet Sige Analyala 

Fleet utlllEation anal7ses have ehovn that for the peak annual flight 
rate projected for the SOC misaion aceoario (48 flights per year) a fleet of 
three orbitera will neet the traffic needs, Figure 1-29. This offers fleet 
capacity margin to handle uncertantiea in contingencies and relative mission 
priorities (DOD vs civil, etc.). Fleet sise is greatly affected by flight 
rate and ground turnaround time. An increase in flight rate of about 12 
flights per year or an 8-day increase in turnaround tine would each require 
one additional orbiter in the fleet. Also, the higher flight rates required 
without a SOC will generally require one more orbiter In the fleet, regardless 
of the contingency and mission priority criteria that are established, as long 
as they are the same for both sOC and non-SOC cases. 
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SOC ASSEKBLr OPERATIOBS 


Procedur«8 raqulrsd to aaoeable the SOC aodulea are investigated, in this 
task, in greater detail than vas previously aecoaplished (Ref 1). With the 
aid of a Rockwell International developed coaputer graphic prograa. the 
capabilities and constraints of the Shuttle RMS to perfora the asseably 
operations can be assessed. The principal objective of the task is to 
detenaine the feasibility of the Shuttle RMS to perform the SOC assembly task, 
and to deteraine the requirements for associated equipment to aid in the 
aaseably process such as the handling and positioning aid (HPk). The location 
of the RMS grapple fixture on each of the modules is also determined. 

2.1 SOC ASSEMBLY SCENARIO 

Two principal modes of the SOC assembly sequence were Investigated, (l) a 
sequence that assembles the SOC in its full-up configuration before being 
manned, and (2) an increaental sequence that provides an initial four man 
autonomous capability building to a full-up capability in a future period. 
Figure 2.1 illustrates the configuration of a SOC utilised for the full-up 
assessment and Figure 2.2 illustrates the configuration of a SOC utilising an 
incTMiental bul Id-up sequence. 
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FIGURE 2.1 SPACE OPERATIONS CENTER FULL-UP CONFIGURATION 
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FIGURE 2.2 SOC INCREHEHTAL BUILD-UP CONPICURATIOK 


A auaaary of the resultant RMS Joint angle readings associated with the 
asaeahly sequence, Figure 2.3, of the full-up concept ia shown in Table 2.1. 
The table indicates that all of the RMS maneuvers can be accomplished within 
the RMS limits, but do exceed the desired range in a few places. 
Thesedeviations are not critical to the assembly operation, and could probably 
be eliminated with additional iterations. Figure 2.4 indicates the grapple 
fixture locations on each of t)ie modules resulting from the assembly sequence 
computer simulations. The grapple fixture position on the tunnel module is 
unique and is indicated in more detail in Figure 2.3. 
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FICUHE 2.3 SOC ASSEMBLY - TULL UP CAPABILITY 


TABLE 2.1 RMS JOINT ANGLES - FULL-UP SOC ASSEMBLY SEQUENCE 


MODU.I 


$M-1 STOv;io 
SM-1 OtnOYEO 

SM-7 STOWtO 
SM-2 D£h.OYED 

HM.I STOWtD 
MM-1 OePlOYED 

HM-7 STCV/EO 
HM-2 DEPlOYED 

IM STOWED 
LMDEPlOYED 

.TM STOWTD 
TM DEPtOYEO 

rST STOV'/ED 
TST DtPlOYtD 


SY 

(-177.4 TO 
177.4) 

SP 

(0.6 TO 
142.4' 

EP 

(-0.4 TO 
-157.6) 

WP 

(-116.4 TO 
116.4) 

-31.51 

-119.14 

49.50 

129.6C 

•69.39 

-W.42 

-46.78 

-42.22 

-31. SI 
-8.73 

49.S3 

85.31 

-6". 39 
•1W.91 

-46.78 

-41.17 

-34.96 

-21.49 

68.48 
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-42.47 
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-21.49 

68.48 
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-92.42 
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-61.31 

87.77 
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-68.93 
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-20.27 

56.74 
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-114.29 
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-21 .67 
112.14 

-33.56 
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-42.70 

•20. ’2 

73.61 
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WY 
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FIGURE 2.4 GRAPPLE FIXTURE LOCATIOHS 
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FIGURE 2.5 TUMNEL MODULE GRAPPLE LOCAIIOM 
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Table 2,2 euaaarises the resultant joint angle readings for the 
incremental csaenblT’ aequence, Figures 2,6 through 2.11, and Figure 2.12 
indicates the grapple fixture positions on each of the nodules. 

A oonparlson was nade of the assembly issues/operations betweeh these two 
concepts. Figure 2.1? indicates the results of this comparison analysis. The 
significant result of this analysis is that the SOC can be assembled utillEing 
only the Shuttle RNS in either arrangement. However, a significant increase 
in the number of operations required to assemble the longer nodules is 
indicated. The complexities and, consequently, the risks are evident for the 
longer nodule assembly concept. The HPA is required more frequently and needs 
greater capabilities. 


TABLE 2.2 RHS JOINT ANGLES SOC INCREMENTAL ASSEMBLY 
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PIBURB 2.12 GRAPPLE PIXTURE LOCATIONS 
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}.0 SHU7-?LB SYSTEM PROPELLENT SCAYENGIRG 

In order to determine the SOC iapact due to propellant atorage and 
tranafer actlvitiea a atudy, under Rockwell lutemetional diacretionaiy funda, 
waa performed to determine the feaaibllity of recovering the unuaed propellant 
from the external tank (ET) of the ahuttle and tranaferring thia propellant to 
the SOC. 

3.1 SUBORBITAL RECOVERY OP EXTERNAL TANK PROPELLANTS 

Thia atudjr indicated the practical feaaibllity of recovering unuaed 
propellanta remaining in the external tank (E7) after booat. Aa indicated in 
figure 3.1« a nominal 9378 pounds of propellanta are left in the ET and the 
main engine system of tho orblter at the completion of main engine cutoff 
(HECO). These propellants are currently jettisoned with the ET or vented to 
apace following ET separation. This task shows the overall feasibility of 
transferring these p *opellants to an Orbiter-mounted receiver tank, during 
mated coast after HECO for subsequent delivery to SOC or a space base, and 
identifies practical hardware elements for implementation of the concept. 

The benefits of applying this concept to a space base are very 
substantial. The nearly 10,000 pounds of recovered propellant repret nt 
nearly one fifth of a Shuttle load. Thus, ET propellant recovery can reduce 
the number of logistic flights in support of a space base by nearly 
20 percent. In the usual case of an underloaded Orbiter, much greater 
benefits can be realised. 
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Figure 3*2 identifies 3 oaln scenarios in which ET scavenging can be used 
to reduce the nuaber of Shuttle launches required to service and resuppi/ 

SOC. The basic scenario assunes a "full-up" 63K pound pa/load (not voluae 
Halted) in which there is rooa left for a saall else "catch tank" or _ 
scavenging tank large enough to capture the Baxiaua expected (*3 aigaa) 
residuals. The second scenario assuaes that the payload is less than 63Klb 
and not voluae Halted, and that rooa la left to add a loaded propellant 
resupply tank in addition to the basic scavenging tank. The third scavenging 
scenario assuaes a dedicated tanker flight fully loaded with an 
orbiter-BOunted resupply tank. 


Key Issues 


The following key issues were identified and investigated in this study. 

1. Boost trajectory interactions with BT iapact constraints, ullage 
thrust options, and transfer tiae availability. 

2. Factors affecting cryogenic fluid flow phenomena. 

3. dain engine shutdown and ullage thrust transient effects on fluid 
dynaaics at HECO. 

4. Receiver tank and plumbing hardware concepts. 


5* Preliminary crew considerations. 
6. Important safety-related Issues. 


(BASIC SCAVENGING I 
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3.1.1 Trajectory Analyals 

The following guldelinaa were used to define the neceseaiy changes to the 
present Shuttle aisslon flight plan in order to allow for a five to twenty 
■inute post-aeco aated coast phase: 1} Safe ET iapact in either the Indian or 

Pacific Oceans. 2) Continuous positive accelerations of IXIO'^ g's or 
greater, 3) Hiniaal changes to the Shuttle abort and nominal aeco 
requireaents, and 4} Minor aodifications to Shuttle subsysteas. 

RC5 Thrust Options 

The three RCS thrust options shown in Figure 3>3 were selected as tue 
aost likely candidates requiring ninlaal amounts of subsystea modification, 
cost and checkout before implementation. ‘Pwo thrust options utilised present 
aft- facing RCS primary thrusters, whereas the third option assumed that an 
idealized thrust level of "Drag * 30 lbs" was provided by added RCS vernier 
engines. 

BT Entry and Impact Area Asaumptlone 

The Shuttle ascent trajectory is constrained primarily by the requirement 
to aim the empty ET for impact in a safe target area and at the same tine 
satisfy abort safety requirements. 


1 DUAL PROS THRUSTERS 



SINGLE PRCS THRUSTER 



ADDED VERNIER THRUSTERS | 



• 3 X sra - 1740 Ibf 

• T/W- 0.0047 0H 
e «p^414 n^aih 

• MINIMUM OUlTEt 
IMPACT 


• 1 X B 7 D - 170 Ibf 

• TAV> 0.0024 gV 

• ;^g%207 V*in 

• ATTITUDf CONTSOL 

sorrwAKMOD 


• TiniTIAL "2X870- 17401b, 
(APPtOX.40>60»e) 


• Tonal 

• T/W:* lO-^s** 

• « g mill. 5 h/min 


• HAROWAKE A SOPTWAK 
MOOS 


FIGURE 3.3 ULLAGE THRUST OPTIONS 
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Two lapact zones were identified prinarily on the basis of land aass 
avoidance* The area vest of Australia in the Indian Ooeaa was designated 
Zone 1, vhereas, the impact area north east of the Gilbert Islands in the 
Pacific Ocean was designated Zone 2. Figure 3*4 presents the ground trace of 
a due east launch froa ETB and the ET iapact sones assxiaed in this study. 
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FIGURE 3.4 ET IMPACT COHSTRAINTS 

-Table 3-2 suauarises the selected RCS thrust options and the resulting 
payload iaplications. The net payload effect shown is referenced to the 
noainal 65 Klb cargo capability for the Basic Reference Mission (BSH) and, as 
such, takes credit for the predicted 1604 lb of loaded RCS propellant left 
over after ascent/descent and mission operations. It is seen that ET 
propellant recovery times up to 21 minutes are possible for either iapact 
sone,'. witha relatively small payload penalty. 

Figure 3*5 summarizes the combinations of RCS thrust option, bum time 
and & MECO velocity which result in an ET disposal in either Zone 1 or 
Zone 2. 

5.1.2 ET Fluid Dynamics and RCS Operation 
$ 

rDurlng conventional normal post MECO flight operations, there is an 18 
second sated coast period prior to ET separation during which aerodynamic 
drag, sloshing disturbances and surface tension forces allow the residual 
propellants in the ET to creep forward or be thrown into contact with the 
upper, walls of the ET tank. 
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TABLE 3.2 PATLOAD IMPACTS 



til AN EARLY M£C0 CUTOFF PROVIDES AN INCREASE IN PAYLOAD AT TIC RATE Of 2S.7LB PER FPS 

UIFCCATIVE NUMBER INDICATES USS THAN fUU RCS PROPEUANT IS REQUIRED 
AND OFFLOADED PROPEUANT COULD BE CREDITED TO ADDITIONAL PAYLOAa 


FCCIICIBIE PAYLOAD IMPACT 




FICUSE 3.5 DELTA KECO FOR ET IMPACT CONTROL 
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In order to transfer residual propellants fros tUe ET» it is necessary to 
extend the nated coast period and provide a ainiaua positive acceleration of 
lO'^g to keep the propellants settled against the aft bulkiieads. This 
avoids vaporisation of liquid on the tank forward structure and permits 
efficient draining from the tank outlet ports. For all ullage thrust options. 
Figure 3*?, it is anticipated that at least two prinary thrusters would bs^ 
used for approxiaately GO seconds after KECO to limit sloshing excursions 
until they can be dissipated ^ natural damping forces. 

Figure 3.6 depicts the possible problem of ET aft bulkhead rebound or 
"twang*' resulting from a sudden decrease of KPS thrust at MSCO. This could 
possibly propel the residual propellants forward against the warn tank 
structure. As shown, the bulkhead structural response is sufficiently rapid 
('UPG HZ) and the KPS thrust tailoff sufficiently alow, that no appreciable 
forward velocity of the bulkhead can occur. 

Figure 3.7 and 3.8 show that the RCS X thrust vector (10* pitch) is 
nearly aligned with the GT LOX and LH 2 tank outlet centerlines (8* pitch). 

Also the outlet bell or sump flares can accommodate RCS thrust vectors over a 
range from -1* to ^17* pitch without geometry trapping of propellants. This 
range includes any RCS vectors resulting from combined operation of X and Z 
thrusters during steering. 

Inertial trapping is not a concern in the LOX tank because, after ullage 
vapor breuks through the sump screen, liquid remaining in the tank can still 


T bI^HEAD 'TWANG" ) 



BULKHEAD 
STRAIH ENERGY 



BEFORE MECO 
MECO THRUST TAiLOFF 
r-L5SEC 


I WO" TWANG" PBOBlFWly 


I RCS THRUST DIRECTION I 



12 3 4 SEC 

e SHUT1VE HYDRO ELASTIC MODELING AT MECO 
SHELL-FLUID 1^-26 Hz 

a STRUCTURAL RESPONSE 
rCOS 


MAIN ENGINE 
THRUST ENVaOPE 
AT MECO (DUE TO 
CG VARIATIONS) 


PENDULUM MOTION 

• CENTERED ABOUT 
10° RCS THRUST DIRECTION 

eT«2"/r -64.8 SEC 

• ATT/W-aOOdTg's 
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R 0 ^ «wl6 INCHES 

I VERYMlLD^TRANSIEf^ l/ 



FIGURE 3.6 MECO THRUST TRAHSIEHT EFFECTS 
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drain over the lip of the euap and catch up vith the liquid aurface in the 
drain line belov. The only significant liquid trapping in the LOX tank is by 
surface tension, which can be as low as 300 lb at 10~?g. 

During Bated coast, sloshing or lateral notion of propellant along the ET 
aft bulkhead can result fron several factors. Figure 3.6 shows > that the KPS 
thrust vector just prior to HECO can vary as much as 4.3* froa the 10* RCS 
thrust vector applied shortly thereafter. . This would induce a pendulua type 
oscillation of the propellant aass about the RCS thrust vector, with a aaxiauB 
aaplitude along the bulkhead of 16 inches. 

A second source of slosh disturbance can arise froa MPS thrust structure 
rebound during main engine shutdown which Induces a vehicle pitch rate of 
approximately 0.3 deg/aec. Also, tailoff aisaatch between the three auin 
engines can induce slosh disturbances. 

Another source of slosh disturbance is the pre-KECO sloshing velocity due 
to noraal hunting in the Orbiter flight control system, caused mostly by 
atictlon in the SSI'S engine hydraulic actuators. 

The conclusion is that normal sloshing disturbances will not interfere 
with ET tank draining or otherwise be a problem for propellant transfer. An 
engine-out condition, however, during the last PO seconds of ascent could 
interfere with complete scavenging since there would not be time for the 
resulting large slosh transients to decay prior to HECO. But the chance of an 
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IXTUNAL TANK 
17 IN. LK.. FEED DUCT < 


.5 


331.0 OIA 


ORWTE* 


,ANTI-V0KTEX IAFFUS 
(PASJNE SLOSH DAMPING) 


^EOCE OF SIPHON 17* 

y^UCSVECTC* 10* 


^OUTLET q. •• 

.nominal resoual 
( 309«ll) 


j LHj SIFHON A 

\ (SCUENED INLET / • 

7 \ 

• IH^TRAFKO INCT 

I AT EDGE OF RELL/ \ 


(FLOW INERTIA AND SURFACE TENSION) 


; \ 

1000 Lt AT 10*^ G 4 OSO lR/MIN 
..300 11 AT 10'’ G 4 AM It/MIN 
>..400 Lt AT 10** C 4 100 LI.'tAIN 

10,000 LHj 


• ADEQUATE TANK DRAINING IS 


FOSStnE 


FIOOSB 3.S LH2 TANK DRAINIKG 

engine-out during the last 20 seconds of boost is v?ry remote ( less than 1 per 
1000 flights) and would not materially affect the logistic advantages of 
propellant scavenging. 

3.1.3 Available Propellant Residuals 

The Shuttle mission assumed for this study was a BRM (Baseline Reference 
Mission) with a due east launch from ETR and a full 65 Klb payload (Orbiter 
(103 configuration). The current values of residual mass at MECO (main engine 
cutoff) are shown graphically in Figure 3.9. "Trapped residuals" are defined 
as those existing above the main engine valves at low-level . itoff, which is 
the lowest point to which propellant can be drained and stil-. insure adequate 
NPSH (net positive suction head) at the SSNE engine pump inlets. On the LOX 
side, that level exists between the engine main LOX valve and the pre-valve in 
the HPS (main propulsion system) plumbing of the Orbiter. On the LHp side, 
the low-level cutoff level is in the ET at the point where drawdown of the 
liquid surface permits first entry of ullage gas into the LH 2 outlet or 
siphon bell. Of the 800 lbs of LH 2 trapped in the ET, 160 lbs is in the 
siphon and 640 lbs is Inertially trapped in the tank bottom. 

The fuel bias of 1100 lbs is an extra amount of LHp loaded in the ET to 
cause most of the low-level cutoff cases to be LOX depletion. Therefore, most 
of the useable residual cases at low-level cutoff are Lilp which is consumed 
at l/6th the mass flowrate of LOX and therefore tends to minimise the average 
weight of residuals experienced over a number of flights. 
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7IGUHE 5.9 PROPELMNT RESIDUALS AT HECO (+5 SECOiJiS) 

The 7PR (flight performance reserve) of 5350 lbs (at 6:1 mixture ratio) 
is provided to help cover random variations in vehicle performance factors 
such as Isp, thrust, loaded propellant mass, atmospheric drag, etc. In 
combination with the fuel bias of 1100 lbs, it provides a one-sided 3-Bigiaa 
probability (0.9987) that sufficient vehicle performance will be available to 
reach desired HECO velocity and altitude (barring engine or vehicle failure). 

figure 5.10 shows the nominal residual mass available, as a function of 
unused cargo capacity, including advanced Shuttle versions using performance 
enhancement methods such as increased SSHE thrust and strap-on booster engines. 

5.1.4 Optimum Receiver Tank Site 

for a given Shuttle/SOC traffic model and payload manifesting schedule, 
there is an optimum family of propellant scavenging and topping tank sizes 
which minimizes program costs, taking into account factors such as manifesting 
sequence, total number of Shuttle launches, tank dry weight and cost, tank 
changeout operations, SOC mixture ratio requirements, and ground turnaround 
-times. Such an optimization depends strongly on the range of payload 
characteristics (size, deiuiity, etc.) and the traffic models assumed. 

A nearly optimum tank set could consist of as few as 2 or 5 tanks. 
Assuming that the LOX/Li^ mixture ratio desired for SOC is roughly 6:1, tbs 
following set of 5 tanks (2 sizes) might be a strong candidate. 
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?IGUHE 3.10 NOMINAL PPOPELLAST RESIDUALS AT MECO 

. 2 each - 30 Klb capacity toroidal tanks, 9 ft long, OMS kit length, 

per Figure 3 >11 

. 1 each .• 50 Klb capacity tandea tanks, LH^ cylinder and LOX 

spheroid, 13 ft length, using shallow bulkheads. 

Figure 3.12. 

For a dedicated SOC orbiter, one 30 Klb tank might be installed 
semi-permauently for basic scavenging on all flights. 

i 

If a 50 Klb capacity tandem tank Is Installed in addition to the single 
30 Klb basic Scavenging tank (total length 27 ft) all MECO residuals at 
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noainal Bixtur* ratios batveen 5:1 and 10:1 can be accoaaodated 'at 2 aigsa 
probability) for cargo loads down to sero« corresponding to a noainal HECO 
reaidual of 71 Klb. 

A general strategy for Binimizlng ground turnaround time would be to have 
the basic 30 Klb scavenging tank installed against the aft bulkheaSl of the 
cargo bay to leave the Boat unobstructad cargo bay length for pa/loada« This 
tank would 'be installed seBi^permanently because of difficulty of aakioa 
structural and plumbing connections in the cramped quarters there* 

AssuBing that both LOX and LHa receiver tanks would be landed dry 
(whether or not they are launched dry), examination of the orbiter C.G. 

envelope (Figure 3*13) verifies that the basic 3 ft, scavenging tank (30 Klb • 

capacity) should be located in most cases at the aft end of ths cargo bay, but | 

that ipny additional receiver tank(s) should generally be mounted at the | 

I 

i 

i 

i 



WTMUl WV4S20.0LI 


FIGURE 3.11 TORUS 4 RI8G TANK CONCEPTS 
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ffIGUBS 3.12 PAYLOAD TOPPIHS TAWKER CONPIGURATIOa 



PICUHB 3.13 0R3ITER PAYLOAD C.G. BBQUIREMEHT 
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forward and* This atlU divas au unlntarruptad lanfth in tha raBaintod cargo 
bay and alao allows tha graataat opportunity for locating tha otnar various 
payloada loslda tha C*C. anvalopa. In ganaral, only for light payloads or 
vary dansa payloads would It ba faasibla to locata a sacond tank at tha aft 
and, adjoining tha basic scavanging tanx, ^ 

?*1<5 ET Propallant Transfer 

A ready aada energy source for transferring propallant residuals to the 
Orbitar is provided by the ullage preaaure remaining in the ET after HECO. 
During ascent boost, ullage gas is supplied to the ET by vaporised propellant 
tapped off of the main engines. A pressure of approximately 20 paia in the 
LOX tank and J2 psla in the LH^ tank is provided to avoid cavitation of the 
aain engine turbopuaps during boost. 

LOX Transfer Process 


Figure 3.14 depicts the basic phenoaena involved in the pressurised 
transfer of LOX froa the ET and NPS plumbing into an Orbitar mounted receiver 
tank after MECO. 


Prior to launch, the Orbiter receiver tank is pressurised with anbiant 
teaparature GNo or heliua to approxiaately 17 psia, and allowed to vent 
during ascent (aaintaining a positive pressure relative to aabiant} so that at 
MECO the tank pressure is less than 1 psla. Chllldown of the receiver tank 
and Orbiter-aounted transfer line is initiated after MECO by admitting a low 
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fIovr«t« of liquid tbrou^h the tan^eatial spray nosslss in tfas receivsr tank, 
which establishss a swirl pattern of 2-phass fluid with tbs liquid drops 
driven repeatedly against the warn wall until vaporised, tfhen the transfer 
line and tank wall are cooled to liquid teaperature, aain transfer flow of 
liquid at a high rate is initiated through the aain (axial) fill noszle which 
sets up a co-axial nixing and recirculation pattern in the tank and allows ^he 
relatively cold entering liquid to condense the ullage vapor as the tank 
fills. Because of the high volumetric heat capacity of LOX, it is not 
necessary to vent the tank to linit its pressure during chilldown, unless it 
was initially pressurized with a non-condensible gas such as heliun. In that 
case, venting during the first part of chilldown could be used to purge any 
reaaining non-condensibles (GII2 condenses in LOX and does not require 
purging), figure ?.14 shows the transient pressure spike expected in the 
receiver tank toward the end of chilldown. 


A zero -g gaging system for the receiver tank is desirable but not 
■andatory, since transfer can be continued umtil either the ET and rtPS 
plumbing is drained (as indicated by a bubble detector or phase detector in 
the transfer line) or until the fill limit pressure of 28 psa is reached, 
which indicates that the filling should be stopped whether transfer is 
complete or not. 


A 98$ residual recovery efficiency waa assumed for pressurized transfer 
to allow for early cutoff of flow as the available Ap asymptotically 
approaches zero. With pump-assisted transfer, the total trapped reaidual can 
be as low as 300 lb out of 65 K lb, which is equivalent to a recovery 
efficiency of 99.5$. Figure 3*15 shows the limiting conditions for 98$ 
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pr*88uriE«d transfEr at various LOX MECO residual weights. Based on 
a ^ f t transfer line length with 5 elbow fitting, the BininuB required 
transfer line sise increases rapidlj frOB a 2 inch dia (for only cryopuaplng 
froB the the KPS pluabing) to 5.5 inch dia as the initial level in the ET 
feedline (at NGCO) increases and the LOX Lusting also increasesw 

A study of space constraints and plumbing routing in the KPS engine 
coBpartaent and at the Orbiter cargo bay aft bulkhead (X “ 1307), showed that 
the line sise lialt for easy installation was approxiaately a 4 inch dia. 

This sise line would not permit pressurised transfer of the 3-8lgma LOX 
residuals (Ml ,000 lbs) expected for basic scavenging with a full 63 K lb 
Orbiter cargo. It is physically possible but very difficult to install the 
7.5 inch dia transfer line required for the worse-case (65 K lb) KBCO LOX 
residual expected with sero cargo. If vernier BCS engines are not added to 
allow a low (10*^ g) settling thrust, BT ullage decay would be substantially 
increased and require an even larger transfer line sise. for this reason, a 
study was Bade of boost pumps as a means of reducing line sise requirements. 

figure 3*16 shows two families of line slses (for 7 minute and 20 Binute 
transfer tines) superimposed on the pressurised transfer boundary of figure 
3-15. If a standard (10 KV. 3750 EFK) Centaur LOX boost pump is used, it 
would permit 65 K lb transfer in 20 minutes with only a 2.5 inch dia line. 

This pump is capable of handling the 2-phase flow expected at its inlet during 
transfer, for a 7 minute transfer of 65 K lb, the line size requirement is 
still a reasonable 5 inch dia, but the Centaur pump must be operated at a 
higher speed (6000 RPH) and some changes may be required in impeller design. 
The electric power available for scavenging is estimated to be at least 15 KW 
for mature Orbiter configurations. 

LHp Transfer Process 

As shown in Figure 3*17, the basic fluid transfer phenomena Involved in 
scavenging the ST LH 2 tank is similar to that described for the LOX tank. 

The operations for LH^ transfer are similar to those described for LOX 
except that prechilling of the LK 2 receiver tank on the ground is 
recommended. The chief reason is that the lover volumetric heat capacity of 
LU 2 would require venting of 2 or 3 tank volumes of boll off vapor to 
achieve chilldovn with a tank limit pressure of 30 psia. To vent this much 
vapor after KECO in a short period of time (2-3 minutes) would require vent 
line (and vent valve) sizes on the order of 6 inches (dia.), which would 
impose a considerable weight penalty and be difficult to Install. 

As shown in Figure 3.17 much more ullage pressure is available in the 
LH tank for scavenging propellant than in the LOX tanks (32 psia vs 20 
psia), and the decay rate after KECO is slower. The maximum expected Ld 2 
residual of 13 K lb (at sero cargo) can be transferred in 20 minutes without 
*puBp assist through a transfer line approximately 4 inches in dia, which la 
considered a reasonable sise for Installation. 
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figure 3. 18 shows the sffsot of puap sssist on required LH 2 transfer 
line die. Two faailiss of pump curves era shown, ons for 7 alnuts transfer 
and one for 20 minute transfer. At the higher flowrates assooiatsd with short 
transfer time and large residual mass, the benefit of pump assist in reducing 
line sise, (even at 10 KV), is very minor. This Is because of the high 
volumetric flowrates and the resulting low pump dp's, and because of the 
subetantlal driving pressure already provided by the ET ullage. 

3*1*6 Transfer System Configuration and Installation 

The scavenging proceas and system trades that vers performed concluded 
that pump-assisted transfer is the optimum method of ET LOX transfer, and 
unassisted preesurised transfer is recommended for LMp transfer. 

The scavenging system configuration then is bnsically as shown 
schematically in figures 3 . 14 and 3*17, with redundant valving and 
instrumentation added where appropriate, figure 3*19 presents LOX scavengiaag 
aystem weight as a function of transfer flowrate. 

Integration of the scavenging system into the overall KPS system ia shown 
schematically in figure 3.20. The preferred points for tapping off 
propellants (through the transfer line) to the receiver tanks is the forward 
side of the 17-inch dia. LOX and LH^ manifolds, Just downstream of the ET 
disconnects. This provides the coldest propellants early in the transfer and 
the best efficiency of ciyopumping from the KPS plumbing, figure 3*21 shows a 
perspective view of the proposed transfer line installation. 

3 . 1.7 Receiver Tank Design 

The objective of this task was to identify a representative family of 
orbiter-mounted receiver tank designs and plumbing concepts for the propellant 
scavenging and tanker scenarios of figure 3.2. A secondary objective was to 
assess the impact of such hardware and plumbing changes on the existing 
Orbiter propulsion system. This conceptual design effort was done within the 
guidelines of using basic tank configurations, providing LOX and LH 2 
propellant capacities at a ratio of 6sl, and minimising redesign of the 
Orbiter MPS plumbing. The receiver tank concepts investigated are Illustrated 
on fig. 3.22 

A conventional tank concept, shows a two tank configuration wi.hin its 
own support cradle, which can be placed Into the orbiter bay and attached to 
both longeron and keel fittings. This tank combination utilises standard 
cylindrical tanks slsed for LOX and LH 2 at a 6:1 ratio. Connecting supply 
lines, vent lines and aervice connections all pass through existing panels in 
the aft cargo bay bulkhead (figure 3.21). Tank dimensions, volumes, fuel 
capacity, vat and dry tank weight plus structural support weights are 
summarised in Table 3-4 for the scavenging tank configuration considered in 
-this study. 
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The three-tank propellant scavenging configuration lo similar to the 
two-tank concept except that the LH 2 is received in two identical tanks, 
with the remaining tank being used for LOX. This configuration has more fuel 
storage capacity but also more scar weight from increased structure, lines, 
valves and associated connections. Propellant transfer from the ET to the 
receiver tanks on the orblter would be similar for either the two or 
three-tank concepts. An QMS payload bay tank kit as presently configured was 
considered as a possible candidate. This arrangement would have six tanka 
allocated for LH 2 and three for LOX. Total volume capacity is ve:y low for 
this concept and was therefore discarded. 


The torua and ring tank concepts represent the most promising candidates 
for providing a high tank volume within a short length of the Orblter payload 
bay. The torus tank configuration is a 170-lnch O.D. torua with an elliptical 
cross-section. The inner cylindrical tank located within the torua was sixed 
to store the LOX propellant at a 6:1 mass ratio. THe LH^ capacity for this 
configuration is approximately 3461 lbs, and the LOX capacity 21141 lbs. The 
ring tank configuration is similar to the torus concept except that both tbs 
LOX and LH^ tanks were configured with relatively flat bulkheads for maximum 
utilisation of cargo bay space. Since each tank would be used as a pressure 
vessel, ring stiffeners would be added at the cylindrical ends to eliminate 
tank deformation when loaded. Total propellant capacity for this arrangement 
would be approxiiaately 32000 lbs at a 6:1 mass ratio. The plumbing 
connections would be nearly identical to'^tbose mentioned before except tJiat 
all supply and vent lines would be routed around the tacks below the cargo bay 
liner. All tank configurations mentioned above would be insulated with 1 to 
3 inches of foam and/or HLl blankets to minimise bolloff prior to transfer of 
its contents to SOC. 
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Ti? tasks sttaehsd to the Orbltar visgs were considered as possible 
oontainr-rs for the LH^ asd LOX propellant scavenged from the ET. The tip 
tanks have a eonbined voluaetric capacity of 524 ft^ (2325 lbs) for LK2 
and 186.4 cubic ft (13960 Iba) for LOX. Overall tip tank dlMnslons are 

320.0 in. long esA 60.5 in* disaster. Supply lines would be routed through 
the wing struct. -v '<.0 dlaeonnect valves located at tha wlng/tanlc interface, 
with tank vent lines located near the trailing tip of each wing tank pod.. 

This configuration haa the option of being retained or Jettisoned during 
re-entry. Tank pod insulation for this concept would be deterained by dynaaic 
and thermal requireeents during launch and return flight. 

A belly tank concept was configured with an overall length of 

585.0 inches, a width of 168 inches and a depth of 24 inches. LH2 capacity 
for this tank cluster la 659*7 ft^ (2929.3 lbs) and LO2 capacity is 

247.4 ft^ (17615.5 lbs). All supply lines would be routed below the cargo 
bay to appropriate connections at the orbiter/tank pod interface. Because of 
insulation probleas that would exist during boost and re-entry, this concept 
does not appear to be a viable option. 

Propellant cells supported within the structure of the Orbiter wing 
panels and snail tanks in the forward section of the wing glove were 
considered as receiver tanks. The structure of the wing as designed does not 
pemit cells of large volume either in the wing area chosen, or in the glove 
section. Since the tank and plumbing weights are very high for the propellant 
capacity afforded, this configuration was not investigated further. Redesign 
of the orbiter wing as a wet configuration may be an option worth evaluating 
in further studies. 

Figure 3*23 shows an Orbiter equipped with both a scavenging tank and an 
intermediate sise payload- topping tank. The latter consists of conventional 
LOX and LK2 tanks suspended within a shell structure, as commonly used for 
OTV designs. Maximum capacity for this configuration, excluding the 
scavenging tanka shown in the aft end of the cargo bay, is 34,866 pounds at a 
6:1 mass ratio. 

Figure 3*24 shows an Orbiter equipped aa a dedicated rafueliug tanker, 
using the same arrangement aa in Figure 3.23, but with a larger (48,338 lb 
capacity) resupply or payload tank of conventional OTV design. Along with the 
scavenging tank, this configuration occupies 39 ft of cargo bay and can 
provide a total capacity of approximately 60,000 lb. 
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TABLE 3*4 WEIGHT STATEHEHI-BSCOVERT TASK COECEPTS 
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NO- 
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STRUCT/ 
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211 • 
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•jo* 

LH» 
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3IBB * 
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7 
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3334. 7w 
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L0|. 

LH? 
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347.41 
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L0» 

LH* 

13 

34 

33B3 ' 
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19BB 
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111.13 
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493.4 
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w* 

LH* 

4 

8 

83.6 * 
179.7 
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33 57 
61.59 

1607.3 
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1 

1 

3GB 
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16S0 

413B 
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FIGURE 3.23 PAYLOAD TOPPIHG TANKER CONFIGURATION 
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The entire aeeenbly of tank atrueture« fill and vent linee would all be 
covered with MLI to alniaiee heat leaks and boll-off. 

The OTV t/pe tanks of Figures 3«23 and 3*24 are a baseline reference 
design but are not necessariljr optlwun for Shuttle operations. nearly flat 
bulkheads are used, a coablnatlon payload topping and ecavonglng tank of 
60,000 lb capacity could be sade with a length as short as 20 ft. 

3* 1*8 Operating Procedures and Crew Considerations 

Ae currently envisioned, aost of the aonitoring and control functions 
involved in E7 scavenging would be automated by special circuitry, with 
capability provided for aonitoring and override/ backup control by at least one 
crew aeaber. Sequence interlocks and a edible/ visible redline warnings would 
be provided for temperature, pressures, flow rates and 2-phase 
characteristics. Sharing of standard Orbiter computer hardware and CfiT 
displays nay be feasible. Ae shown in Figure 3.23, it has been deterained 
that control panel space is available for monitor and control functions. 
Farther, this area (panel K-11) is within the reach envelope of the aission 
specialist from his seated position at HECO. Thus, crew participation in 
supervising the transfer process appears possible. Additional study is 
required to deteraine the crew response capabilities from boost environment to 
sero-g. However, fighter pilots frequently perform in this type of dynamic 
environment, so active crew participation in the scavenging process appears 
feasible. 

Table 3-3 presents a simplified scavenging sequence for tne worst case of 
transferring maximum residuals in a short (8 minute) coast period. As shown, 
ET transfer is terminated when excessive bubble content is detected (by 
optical or capacitance type sensors) in the transfer line. 



FIGUBE 3.24 DEDICATES REFUELIKG TANKER 
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3.5 Representative Scavenging Sequence 
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Table 3.6 Safety Considerations 


ISSUE 

COMMENTS 

LINE INTEGRITY 

QUALIFY TO MPS PLUMBING REQUIREMENTS 

MRS INTEGRITY 

multiple ISOLATION VALVES 

VALVE MALFUNCTION 

REDUNDANT VALVING 

O 2 AND LEAKAGE 

GNi PURGE ON THE PAD; MINIMAL HAZARD IN SPACE 

SAFEING FOR REENTRY 

VENT system TO SPACE, PRESSURIZE TO 16 psia 
WITH INERT GAS 

ET IMPACT 

ACCEPTABLE IMPACT ZONES ARE ACHIEVABLE 

MECO CHANGE 

LESS THAN ONE-SECOND CHANGE REQUIRED 

RCS MOOIFICATIONS 

WITHIN THE COMPLEXITY LEVEL OF CURRENT SYSTEM 

CREW OPERATIONS 

MINIMAL ACTION REQUIRED BEFORE MECO 

ORBITER ENGINE OUT 

SHUTTLE E/O TOLERANCE INCREASED WITH "DRY LAUNCH" 
CONCEPT 

LO; AND LH: ABORT 
DUMP 1 NG 

NONE REQUIRED WITH "DRY LAUNCH" CONCEPT 


?.1.6 Safety Considerations 

A study of the safety issues involved in scavenging ET propellants was 
conducted in cooperation vith the Orbiter Safety Group at the Rockwell's 
Downey facility. The principal safety-related factors are summarized in 
Table 3.6. In general, no serious safety concerns were identified. The 
required recovery system hardware is within the complexity levels of current 
Shuttle hardware and can be designed and qualified to the same standards. GT 
inpacts can be controlled to acceptable impact zones. Ho safety- related 
changes are required in the ascent profile (MECO changes are leas tnan one 
second). The Shuttle engine-out tolerance can even be increased with 
dry- launch propellant recovery concepts, since keeping all unused propellants 
in the ET until after HGCO makes them available for engine-out situations. If 
no engine-out occurs, these propellants can then be safely transferred to the 
receiver tanks in the orbiter. This further eliminates the need for rapid 
-propellant dump capability in the event of an abort during boost, which would 
otherwise bo required for propellants carried in the orbiter bay. 
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Conceivably, a requlreaent for early re-entry and damping of propellanta 
could ariae after transfer of propellants to the Orbiter, even though a stable 
orbit is achieved. In most cases, at least one orbit would be available for 
dumping through the nominal 2 inch dla-vent lines of the scavenging tanka 
and/or the fill/drain lines of the NFS. Ignition of oxygen and hydrogen _ 

vapors outside the Orbiter could not occur since the low pressure of space 
would not support combustion. In the event that re-entry is suddenly required 
due to an emergency such as rapid loss of cabin pressure, rapid dumping of 
scavenged propellants could be accomplished through the main engines by 
opening the scavenging transfer line valves, the engine prevalves and engine 
main valves. Preferably part of the LOX would be dumped first, then all of 
the W2t then the remainder of LOX. This would load the LOX pumps with 
liquid and help to prevent overspeed when dumping Lri2 through the turbine 
drives. 

Vapor pressure of the scavenged propellants should be adequate for 
self-pressurized dumping to apace; however, enlargement of the HPS helium 
inerting gas supply may be required to provide additional preesurization and 
prevent negative tank pressures during re-entiy. 
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4.0 FLIGHT SUPPORT FACILITY 


An Inportant alsaant of the Space Operations Canter (SOC) ia Its ability 
to proYide servicing operations in lov earth orbit. The servlcinc operations 
cover a speotrua of in-space support activities such as refueling, repairing 
and naintaining free flyers and coorbiting satellites. In addition, the SOC 
can support najor assaably and deployment of large spacecraft vith eventual 
launch to their operational orbits. The cost effectivenesa of the SOC-baaed 
servicing operations relative to ground and other space-baaed servicing 
ayateas was the principal objective of this task. A cooparison of the 
relative coats of perforaing flight support services by various aethoda is 
presented along with an updated concept of the Flight Support Facility which 
is an essential provision of the SOC servicing capability. 

The objective of this task was to compare the spacecraft servicing 
operations whether perforaed froa the SOC, or from the orbiter, or on the 
ground. Three spacecraft representing many of the various anticipated 
servicing operations were selected. The spacecraft consisted of a space based 
OTV, a ground based OTV, a large deployable coBBunlcations satellite, and a 
space processing facility as shown in Figure 4.1. Each one was analysed to 
determine the servicing functions that are to be perforaed at its particular 
servicing region, i.e.. at the SOC, from the orbiter. or on the ground. This 
analysis determined the unique equipnant required for each servicing 
operation, the number of man-hours required to perforn the servicing, and the 
number of crew required for each servicing function. Cost estimates of the 
unique equipaent identified for each servicing operation were aade. Cost 
estimates of the aan-hours required were also prepared. Figure 4.2 lists 
these comparison items. The principal evaluator ia the cost dollars 
associated with each operation. Operations at the SOC are considered to be 
the least costly when considering the expected number of service aiasions 
which wee baaed on a aediua aisaion model froa 1990 to 2000. The labor and 
orbiter flight coats ars incurred for each servicing alasion, whereas the 
equipaent costs reflect the coat of a theoretical first unit (TFU) for each 
piece of equipaent* The number of crew required to perfora the coapareble 
aervicing functiona ere epproxiaately the aeae. Each SOC crew aeaber. 
however, aey be required to bo proficient in acre akille than each aaaber on 
the ground. However, the design of these spacecraft to be serviced in apace 
should ninlaiae the skills required to perform the space operations. This aay 
be accomplished by increased automation In checkout procedures and applying, 
where aoet advantageous, the reaoval and replaceaent of faulty ii«aa with 
detailed repair perforaed on the ground. 

Coaaonality of subsyetems and Installation designs ainiaise the amount of 
unique equipaent required for servicing si the SOC. The rsellsation of this 
goal requires the establishment of appropriate design criteria that would be 
imposed on all apececraft requesting space servicing at the SOC. 
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4.1 SERVICIB6 OPESATIOBS 


The principle characterletica of the three user spacecraft aelectsd for 
the aervlclos analysis follows. The OTY, is a ciyogenic stage which say use a 
■onopropellant or a bipropellant for its RCS. It also utilises helium and 
GH for pneumatic valve actuation, pressurlsation and purge systems. This 
spectrum of fluids must be supplied through the SOC Plight Support Pacllity 
and I consequently dictated the required provisions for fluid reloading 
operations. 

The CONKSAT. is a relatively large satellite that requires extensive 
deployment and checkout operations and final Dating to an OTV. The SPP, is a 
SBialler satellite and Ita servicing requirements consist mainly of materials 
module exchange operations during frequent revisits to the SOC or to the 
Orbiter. Both of these satellites utilise hydraeine as the RCS propellant. 
Nodular packaged subsystems concept is utilised for all space serviced 
spacecraft. 

Six turnaround servicing scenarios were identified for the three user 
spacecraft as shown in Figure 4.1. The analysis of these servicing scenarios 
generated tlie data used for the comparison task. 

nie six servicing scenarios were examined in terms of the major 
activities that comprise each servicing scenario and the equlpDsnt and 
provisions that are required to perform each servicing activity were 
identified. An updated preliminary arrangement of the SOC Flight Support 
Facility. Figure 4.3.» was developed. The major activities that constitute 
each of the six searvicing scenarios are depicted in Figures 4.4 through 4.9. 

Each of the depicted servicing scenarios presents a complete sequence of 
activities while, at the same time, taking into consideration the interactions 
between the scenarios. The OTV ground servicing scenario (Figure 4.4) 
includes return of the OTV from orbit and its ground turnaround operations to 
the point of another launch Into orbit. It does not Include the OTV launch 
sequence or its in-space operations. However, a ground-based OTV launch 
sequence was included in Figure 4.6 as part of the COMMSAT orbiter servicing 
scenario from the orbiter. In Figure 4.17, an initial launch of a space-based 
OTV was Included as part of the COMMSAT SOC esrviclng scenario. The 
activities of a typical in-space turnaround servicing of_an,-OTy— 
in Figure 4.5. 

Both SPF serviclug scenarios asaumed the same initial activities when the 
SFr is first launched, i.e., appendage deployment and overall checkout will be 
accomplished on board the orbiter. Typical servicing, commenced on the first 
revisit operation. The servicing operations of the COMMSAT from the SOC are 
depicted in Figures 4.10 through 4.12. The servicing operations of the SPF 
from the orbiter are illustrated in Figure 4.1?. 

The servicing analysis determined the support equipment that is required 
to perform the activity and identified the extent of crew involvement, and 
IVA. The impacts of the particular activity on the SOC, the spacecraft being 
serviced, and the shuttle if it had a role in that aervicing activity was also 
identified. 
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EVA SERVrCING OPTION 


SPACE PROCESSING FACIUTY EXAMPLE 


Figure 4.3. SOC Flight Support Facility 









ORIGINAL F. .. . ^ 
OF POOR QL'ALliY 


1.0 t.9 3.0 4.0 S.O 



FIGURE 4.4 OTV » GROUHI) SERVICING 



FIGURE 4.5 OTV — SOC SERVICING 
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FIGURE 4.8 SPACE PROCESSING FACILITY — ORBITER SERVICING 
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FIGURE 4.10 COMKSAT — SOC SERVICIKG SCENARIO 
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FIOUSE 4.13 SPACE PROCESSING FACILITI ORBITER SERVICING SCENARIO 


Most of the support squipDent and provisions that affect the ground 
facilities, the orbitar and the SOC are not unique to the particular scenarloa 
but are conaon usage Itens* However, there are soae unique provisions that 
are peculiar to a particular scenario and are the only ones that are 
considered in the costing exercise described later* 

In general, timelines were developed by examining and estimating times 
for each numbered function or step described previously in the block flow 
diagram scenario Figures 4*4 to 4>9* At the same tine, estimates of crew aise 
were prepared for each step to detemlne man-hours* When inconalatencies or 
other problems in logic were uncovered as a result of such analyses, some 
minor changes were made in the sequences. Vhere appropriate, references to 
sources of data or similarities to orbiter operations were noted in comments 
on tables of tine and manpower requirements estimations* 

This contract study work benefited from previous and concurrent IRAD 
studies by Rockwell in the areas of space construction human factors and space 
servicing, and from other contractor studies relating to satellite servicing 
and manned OTV servicing* 

The major assumptions relating to timelines and manpower estimations are 
listed in Tables 4*1, 4*2, and 4*3, referring respectively to the OTV, 
communication satellite, and apace processing facility checkout. Kany of 
these assumptions are similar for both the SOC and non-SOC options studied, so 
a two-column check-off format on the right side of the table was employed to 
show the variations. A conscious attempt was made, during the timelines and 
man-hours analyses, to divide the servicing operations into functions titled 
as shown previously by the block flow diagrams. 

Estimates were made of the man-hours required to perform the servicing 
functions for each of the three candidate spacecraft, and are compared within 
their respective servicing areas; at the SOC, or from the orbiter, or on the 
ground. 

In general, EVA was not an assumed mode of normal operation. However, it 
is assumed that EVA is an acceptable backup mode whenever the RKS is 
inoperative or inappropriate because of limited access or special, unforeseen, 
or low-frequency situations that could be performed safely by EVA operations* 
At the preliminary level of analysis perforaed on these specific examples, no 
such contingencies were identified. 
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TABLE 4.1 ASSUMPTIOHS FOR TIMSLIMB/MAII-HOUHS ESTLHATIOH - OTY 




• OTV DESIGNED FOR GROUND SERVICING USING ST-’.^ARO, HINIHUN 
WEIGHT C VOLUHE CONCEPTS FOR SPACECRAFT SYSTEMS 

• OTV TURNAROUND DOES NOT PACE TOTAL ORBITER T.RNAAOUND TIME OF 
TWO WEEKS (DESIGN IS NOT OPTIMIZED TO MINIMIZE GROUND OPER- 
ATING TIME) 

• ONLY ACTUAL WORK TIME INCLUDED IN ESTIMATES SLEEP. HEtLS, AND 
PERSONAL time NOT INCLUDED) 

• VARIABLE CREW SIZE— CHARGED TO OPERATION AS NEEDED TO ESTIMATE 
MAN-HOURS 

• SOME POTENTIAL LEARNING IS NOT ACCOUNTED FOR: 

- CITE TEST NOT NECESSARY AFTER EXPERIENCED GAINED ON 
ONE OR TWO FLIGHTS 

- REPAIR ACTIVITIES COULD BE FEWER AFTER INITIAL 
FLIGHTS (BURN-IN) 

- IMPROVED CREW PROCEDURES ANiJ TOOLS FROM REPETITIVE 
EXPERIENCE COULD SHORTEN TIME 

• TYPICAL TRANSPORT /HANDLING EQUIP. A TRAVEL DISTANCES ASSUMED 

• OTV DESIGNED FOR EASY ACCESS BY RMS WITH APPROPRIATE TOOL 
END EFFECTOR 

• FAILURE RATES FOR UNSCHEDULED MAINT. DASEO ON MATURE DESIGN 

- 30-*i0 FAILURES/1000 HR OPERATION (REF. SKYLAB) 

- MISSION TIME, LEO TO CEO G RETURN— AO HR MAXIMUM 

• REPAIRS PRIMARILY BY RMS REMOVAL/REPLACEMCNT 

• RMS TIMES ESTIMATED BY SIMILARITY TO GROUND SIMULATIONS 

- SPAR— ELECTRONIC SCENE GENERATIONS 

- NASA MDF— mechanical ARM SIMULATIONS 

• BUILT-IN OTV AUTO TEST FOR SIMPLIFIED FAULT DETECTION AND 
ISOLATION 
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TABLE 4.2 ASSUMPTIONS FOR TIKELI5B/KAH-K0UBS BSTIKATIOI 
COMMUNICATIONS SATELLITE 


• COMM SAT DESIGNED WITH BlILT-IN AUTOMATIC TEST EQUIPMENT 

- applicable to soc checkout 

- applicable to ORB iter checkout 

• COMM SAT INCORPORATES RMS GRAPPLE FIXTURES AND BERTHING 
PORT interface 

- COMPATIBLE WITH OTV MATING 

- COMPATIBLE WITH SOC OPERATIONS 

- COMPATIBLE WITH ORB I TER OPERATIONS 

• COMM SAT TO BE DEPLOYED AT SCC BEFORE MATING TO OTV AND 
ALIGNMENT CHECKED PRIOR TC FLIGHT TO GEO 

• COMM SAT IS DELIVERED TC SOC FULLY FUELED AND SUPPLIED WITH 
ALL GAS AND CHARGED BATTERIES REQUIRED AT GEO 

• ONLY ACTUAL WORK TIME INCLUDED IN (SLEEP, MEALS, 

AND PERSONAL TIME NOT INCLUDED) 

• VARIABLE CREW SHE— CHARGE 0 10 OPERATION AS NEEDED TO 
estimate MAN-HOURS 

• COMM SAT TO BE DEPLOYED AT LEO AND MATED TO OTV BY ORB I TER 
USING HPA ASSISTANCE; ALIGNMENT TO BE CHt''K£D PRIOR TO 
FLIGHT TO GEO 

• COMM SAT IS DELIVERED TO LEO AND PARKED UNDER OWN 
CONTROL UNTIL OTV DELIVERED CV SECOND SHUTTLE FLIGHT 

• COMM SAT IS DELIVERED TO LEO FULLY FUELED AND SUPPLIED 
WITH ALL GAS AND CHARGED BATTERIES RE^.IREO AT GEO AND 
LEO WAIT PERIOD 
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TABLE 4.3 ASSUMPTIONS FOR TIMELINES/NAR-UOUP.S ESTIMATION 
SPACE PROCESSING FACILITT 



CHECKOUT/ 

turnaround 


AT 

SOC 

AT 

ORBITER 

• SPF SATELLITE OESICNEO WITH BUILT-IN AUTOMATIC TEST EQUIP. 



- APPLICABLE TO SOC CHECKOUT 

- APPLICABLE TO ORB ITER CHECKOUT 

V 


• SPP PROVIDED WITH GRAPPLE FIXTURE AND ATTACH PORT ON SIDE, 
COMPATIBLE WITH SOC RMS AND CONSTRUCTION FIXTURE 



• SPF PROVIDED WITH GRAPPLE FIXTURE AND HPA ATTACH PORT ON 
SIDE. COMPATIBLE WITH ORBITER RMS AND ASE 


■/ 

• SPF IS RESUPPLIED WITH FLUIDS L GASES AT TIME OF CHANGEOUT/ 
RESUPPLY OF PRODUCT/RAW MATERIALS 


y/ 

• ONLY ACTUAL WORK TIME INCLUDED IN ESTIMATES (SLEEP, MEALS. 
AND PERSONAL TIME NOT INCLUDED) 


y,' 

• VARIABLE CREW SIZE— CHARGED TO OPERATED AS NEEDED TO 
ESTIMATE MAN-HOURS 

V 

yf 

• FAILURE RATES FOR UNSCHED. MAINTENANCE BASED ON MATURE 
DESIGN 

y/ 

•/ 

- 30-40 FAILURES/1000 HR OPERATION (REF. SKYLAB) 



• SPF LRU'S DESIGNED FOR EASY ACCESS BY RMS WITH APPROPRIATE 
TOOL END EFFECTOR 

V 

V 

• REPAIR PRIMARILY BY RMS REMOVAL/REPLACEMENT 

V 

V 

• RMS TIMES ESTIMATED BY SIMILARITY TO GROUND SIMULATIONS 

y/ 

^ 1 

- SPAR— ELECTRONIC SCENE GENERATIONS 



- NASA MDF— MECHANICAL ARM SIMULATIONS 





0144R 


4-13 





eatlmates were performed by separetely considering each functional 
step in the scenarios outlines* For the nost part it was assuasi that all 
functions are performed aerially* Notable exceptions were the ground 
turnaround schedu]ed and unscheduled maintenance operations for the OTV* 

These were considered to be conducted partially in parallel* 

For each scenario, a tabulation was prepared in the example format shown in 
Table 4*4* From these summary estimates, timeline bar charts were prepared as 
indicated in Figure 4*14« (The complete set of timeline analyses charts 
appears in Appendix C*) The total elapsed time, man-hours and crew sizes for 
all scenarios aro aummarieed as shown in Table 4*5* 

As a part of the comparison of ground and space turnaround of the OTV, 
Figure 4.15 and Table 4*6 were prepared. The figure illustrates, dotted 
shading, those time periods which arise only because of the ground location 
situation and the direct interaction with the orbiter turnaround activity. 

That is, such tiLn-consuming activities would not be required at the SOC. 
Slanted-line shading highlights the aforementioned scheduled and unscheduled 
repair times which occur in parallel. For initial purposes of this study, it 
was assumed that the elapsed time for OTV repairs (circa 1990 time period) 
could be as much as, but no more than, that allocated to the orbiter in the 
STAR 20 timeline dociunent. [Figure 4.16 shows the OTV timeline elements in 
shaded bars superimposed on the STAR 20 (baseline) timeline chart.] 

Obviously, unscheduled repair activity needs much more detailed study to 
establish a more accurate time and man-hours data base. In fact, vtnacheduled 
maintenance (repair) is apparently a key factor in overall time estimates of 
servicing and checkout. To a high degree, these time elements are determined 
by the estimated number of failures and the average time to accomplish repair 
of each such failure. To date, NASA has had little experience in failure 
rates, type of failures, or time required to make repairs on a mature vehicle, 
which was specifically designed to facilitate turnaround in apace or on the 
ground. Except for the STS-2 Orbiter, all space vehicles to date have been in 
first-flight condition, with a reasonable likelihood of havi.ng some undetected 
manufacturing discrepancies. The most relevant experience at this time is the 
Skylab vehicle, which had three different visits by astronaut crews, vitfa some 
activities akin to reactivation and extended operations during each visit. As 
expected, there were fewer failures (and repairs) per unit time during each 
visit (Figure 4.17). The last visit experienced approximately 30 failures per 
1000 hours (as deduced from a count of “unscheduled” maintenance events). 

This rate was much less than the rate of 113 failures pe" 1000 hours durli^ 
the first visit. At the other extreme are military aircraft, which are 
designed on the basis of multiple flights and average rates of failure per 
flight, requiring ready access to modular equipment designs having fairly well 
known average man-hours per repair. The analyses for this study assumed the 
Skylab failure rate as a "going-in" estimate for analysis. However, the time 
allocation for checkout operations was assumed to be closely similar to the 
aircraft philosophy and experience. ' 
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7IGURB 4.17 SKYLAB IN-ORBIT FAILURE RATES 

At this praliainszT stage of analyals, the elapsed time and man-houre 
conpariaons must be considered as very rough approximations, serving primarily 
for comparisons of relative magnitudes. As noted in Table 4.5 the estimated 
■an-houra for servicing the COMMSAT, which in this case consists of the 
deployment, checkout, and mating to an OTV, indicates only slight differences 
between servicing from the orbiter or from the SOC, approximately 35 hours. 
Similarly, the man>hours difference to service the Space Processing Facility 
from the orbiter or from the SOC indicates a difference of only 3 hours. 
However, a large difference between turnaround operations time of the OTV on 
the ground and in space is indicated. This large difference is partially 
explained ty time requirements assumed as inherent to the locations of 
different activity sites and the necessity of scheduling cortaln ground 
turnaround events in accordance with orblter-dictated schedules. 

In addition, an assumption was made that the OTV involved in space 
servicing would be specifically designed for ease of maintenance. Many 
components would be packaged in larger, line-replaceable units (LRU's), more 
readily handled by remote manipulators. It was also assumed that the level of 
repairs would be less detailed. The time eetimates do not include the 
aeeondary, detailed bench check and repair times required for the removed 
modular units (either at SOC or on the ground). No EVA time was assumed in 
the estimates, although such a need is recognised as a viable backup option to 
remotely controlled actlvitiss. These fundamental differences between 


0144R 


4-19 






* 



in-space checkout/servlcln^ and ground turnaround checkout/servleing ! 

operations are considered likely In the future, regardless of the accuracy of I 

esiiaatlon of the Individual task element times and man-hours. However, .it is [ 

recognised that there may well be less difference between the two in future, I 

more detailed and matured estiaatea. ?or example, the ground turnaround time 

nay well be lower for the OTV after the third or fourth flight, since it woul^ 

seen unnecessary to recheck the fit to the orbiter each time, \inless something 

has been changed on the external envelope. On the other hand, it is true that 

even 15 flights of a single OTV would not approach the maturity of experience 

that the orbiter turnaround should achieve after 50 to 60 flights. j 

I 

tn the case of comunleation satellite payloads sent to geosynchronous | 

orbit, oach one will be a first-tine flight. Much leas inprovement can be j 

expected in handling equipment, procedures, or reliability of the vehicle due j 

to experience in flight. At present, the greatest uncertainty seems to be how j 

much activity will be required for checking alignment and contours of deployed 
large antennas and their support structures. j 

The space processing checkout/servleing timelines have many areas of 
uncertainty due to the lack of definition of typical systems. However, it may 
be that those systems will also benefit from learning during repetitive 
expeirience in space operations. 

In conclusion, it seems that the results developed to data are probably 
indicative of relative trends to be expected, but lack a high degree of 
accuracy in absolute values of estimations. 

4.2 COST ANALYSIS 

Cost estimates were developed for each of the six servicing scenarios for 
which timelines were estimated and implications were Identified. This section 
presents the cost estimates and compares them in relative terms. The 
servicing costs that need to be considered by the user of a space operations 
system fall into many elements as illustrated in Figure 4.18. This task did 
not consider every element indicated, but only these bounded by the dashed 
lines in Figure 4*18. Also indicated are the groundrules on which the cost 
estimates were based. 

Figure 4.2 atmmarlEes the cost comparison for each of the servicing 
scenario options. Shown are the one time hardware investment cost totals and 
the labor and orbiter flight costs for each servicing mission. Servicing by 
SOC is shown to be less expensive than orbiter servicing (or ground OTT 
servicing) for each of the options. 

Although the OTV per service labor cost by SOC is more costly, ground 
servicing of the OTV requires an orbiter return of the OTV. The orbiter la 
required to retrieve and return the ground-based OTV after eveiy mission. The 
orbiter was assumed to require Lwo additional days in orbit to perform the OTV' 
retrieval and..retum operation, the coot of which was estimated at 
^1.78 million per day. A similar orbiter flight cost is incurred by each 
COMMSAT mission based on the servicing elapsed time of 50.8 hours {“2 days). 
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CIOUND EtJlES 


• UNIT A operations costs (DOTU EXCLUDED - NATIONAL SECUtllV INVESTMENT) 

• COSTS IN FY ai OOUARS 

• HARDWARE EXBTMG POR OTHER PURPOSES PPOT COSTED 

• lAIOR COST ESTIMATES lASED ON; 

• ESTIMATED MAN-HOURS 

• derived hourly Charges 


nCUSE 4.16 SERVICING COMPARISONS APPROACH 

A requlremant of 110 SP7 servicing missions during the period of 
199(1-2000 wss the bssis for estimsting the orbiter flight costs of servicing 
the SPF. For SPF-SOC servicingi these missions vould require 20 orbiter 
flights to retrieve the completed processing experiments from the SOC. At s 
cost of ^8 million per flight, each servicing mission vould cost 
^.73 million. If the SPF is to be serviced hp the orbiter, 37 additional 
flights vould be required to accomplish the same number of servicing 
missions. The result is a cost of ^16.1 million for each SPF-orbiter 
servicing mission. 

Hardvare Cost Estimates 


The costing analysis considered the unique hardvare items necessary to 
perform each seirvicing operation. The hardvare cost estimates are shovn in 
Tables 4.7, 4.8 and 4*9 for the OTV, COMItSAT and SPF respectively. BDTAE and 
production (TFU) estimates are set forth. These estimates vere derived by 
parametric estimating techniques and are bas'd on system descriptions, 
sketches and associated veight statements. The complete package of the costs 
analysis sheets are contained in Appendix Z' The hardvare DDTAE costs vere 
considered as a tLatlonal security investrent and, as such, vere excluded from 
the cost totals. Their inclusion in Tables 4.7, 4.8 and 4.9 is for 
informational purposes only. 
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table 4.7 onr sesticihg haedvabe cost impact 

(MILLIOMS OP FT *81 ♦) 


OTVGROUNO SERVICING 

(MIUIONSOFFY'Sl $1 

OTV'SOC SERVICING 




OOT&E 

TFU 

ODT&E 

TFU 1 

• SERVICE FIXTURE WITH 
SERVICE CONNECTION 

IZO 

12.0 •OTV CCNTROL AND MONITOR 
SOFTWARE 

LO 


• UMBILICAL ARMS ON OTV 
SERVICE FIXTURE 

<6 

7.9 •EXTENDABLE NON-PROPULSIVE a 94 
BOOM 

as6 

• OTV FLUIDS INTERFACE 
ONORBITER 

12 

2.7 •RETRACTABLE UMBILICALS 

46 

7.9 

• aECTRICAL INTERFACE 
ONORBITER 

^l 

a 67 



• OTV CONTRa AND MONITOR 
STATION ON ORBITEP 

47 

41 



TOTAL 

25.6 

27.37 
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TOTAL DOT&E AND 

PRODUCTION UNIT 

52.97 
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table 4.8 COKXSAT SESVICING HABDVABE COST IMPACT 
(KILLIOBS OF FT *61 



(MiUlONS 0FTY*81$) 


COMMSAT • ORBITER SERVICING 



COMMSAT -SOC SERVICING 
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42 
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PRODUCTION UNIT 
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2.94 
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TABLE 4.9 SPf SERTICIBC UASDVASE COST IMPACT 


(MILLIONS OF FY 'A1 tl 
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ODTAE 

TFU 
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13 

• SPF CONTRa AND MONITOR 
SOFTWARE 

20 
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• SPECIAL PURPOSE 
END EFFECTOR 

13 

038 
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13 
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6.3 

13 

• MODULE AND CANISTER 
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SYSTEM 

107 

116 

• SPF COUROL A-;0 MONITOR 
STATION 

12. 1 

44 




TOTAL 

217 

9.38 


140 

14 18 

TOTAL DDTAE AND 
PRODUCTION UNIT 

31.28 

■ 

28.18 


Labor Coat Estlicatea 


Th« labor coat per aervicing were derived by factoring aervicing labor 
hour eatinates (aee Table 4.5) l?y a derived hourly charge factor. The SOC 
labor charge derivation is llluatrated in Figure 4.19. It is baaed on an 
11 year (1990"2000) scenario of operation end includea aaortlaed hardvara, 
spares, logistics flights and a A orblter cost allocation. A ^24,384 per 
hour charge factor is based on the available man-hours over the eleven year 
period. Again, the SOC DDTAE costa vere excluded from the charge factor. 

The orblter service charge eatimate la based on adjusted values from the 
STS Beinbursement Guide as well as an allowance for additive orblter hardware 
requirements. 

The basic orblter mission duration is one day. For longer duration 
missions users are charged for extra days on orbit as prescribed in the STS 
Beimbursement Guide* In addition, one must consider the overall impact on the 
potential requirement for buying additional orbiters to accommodate extended 
duration servicing and other missions. Study of medium level forecasted 
mission and traffic scenarios reveal that approximately 75 percent of the 
orUter missions would be longer duration at an estimated level of 11 days per 
mission. In order to accommodate the forecast mission and traffic flight rate 
levels a series of calculations were made to define the dollar impact on the 
additional servicing hours produced. This is Illustrated in Figure 4.20. 

Shown are the derivation of coat por orblter servicing hour based on the 
current charge policy adjusted for current coat targets and the A orblter 
hardware component of servicing cost. A value of $44,542 per orblter 
servicing hour is developed in Figure 4.20. 
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FIGURE 4.19 BASIS FOR SOC CHARGE ESTIMATES 
4 . 9.3 Coating Results 

The hardware cost estimates and the labor cost estimates are combined to 
provide the servicing coat comparison data as indicated in Figure 4.2. 

Orbiter flight costs were major contributors to the overall costs of the 
non-SOC options. Another significant contributor is the increased number of 
OTV and COHHSAT non-SOC servicing missions that are required to do the same 
amount of woric as the number of SoC servicing missions. The ground-based OTY 
requires 331 servicing missions as compared to the space-based OTV of 172. 
Similarly, the orbiter serviced COKHSAT requires 251 servicing missions 
compared to 92 for the SOC serviced COMKSAT. 
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5<0 COHCLUSIOi; 


This conclusion sectioii addresses the total SOC-Shuttle Interaction 
study. Although the principal objective was to deteraine the iaplicatioDS to 
the SOC resulting from the support operations of the shuttle it becomes* 
appai^nt that programmatic issues needed to be addressed in order to ^determine 
the implications. Figure 5*1 indicates the major programmatic issues that 
were analysed in order to respond to the individual tasks identified for this 
study. The principal implication areas identified in support of the study 
tasks resulting from the prograuaatic analysis is listed for the SOC. the 
shuttle, and for OTV concepts. The OTV concept became very prominent in the 
spacecraft servicing analysis that defined a servicing fixture concept and the 
servicing implications to an OTV. A significant influence of the OTV was also 
identified when determining the number of shuttles required to support a space 
program miesion model. A review of each programmatic issue and the asaociated 
spacecraft implications identified is discussed. 

5.1 FROGRAKKATIC ISSUES 

Five significant programmatic issues that pertained to the study tasks 
have been identified and are listed in Figure 5*1. Each of these programmatic 
issues are reviewed. 


PROGRAMMATIC ISSICS X 

• SOC Off lATIONAl AlTITUOf' 
•'OCAJSIMilY 

• noHUANT oarvfrY 

• SPACE cun SEItVICtNC i 
V •MISStOPE/TUFPIC MOOEl V 


SOC OPERATJO S IMPLICATIONS 

• VAtlAllE ALTITUDE STUTESY 

• SPACE cun SEItVICING 

• PIOPUIAKT STOMOE 

^ •OtllTEI PLUME IMPINCfVf NT ^ 


OIV IMPLICATIONS 

• SPAa lASEO DESIGN 
•SEEKAm.E 


SHUTTtl OPERATIONS IMPLICATIONS 

• MATING ~ ElOCKINC A KETHtNG 

• 2MS CAPAIIinifS 

• HPA, PlOA EQUIPMENT 

• PtOPELLANT SCAVENGING 

W « SHUTTLE aEETUmiZATION ^ 


FIGURE 5.1. STTOl PROGHAKMATIC ISSUES 
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Th« objective is to seek out the most effective orbit altitude strategy 
for the SOC which utilises the maximum potential of the Space Shuttle and at 
the same time provides adequate safety and an efficient operating base for the 
SOC. 

A Variable Altitude Strategy la Recommended 

A variable altitude strategy as depicted in Figure 5«2 ecmblnes safety 
with logistics efficiency. During periods of unusually high solar activity 
the SOO orbit altitude would be adjusted upward to maintain the 90-day orbit 
decay life criteria required fov orbital safety. However, most of the time, 
when solar activity levels follow their nominal 11 year cycle trends, the SOC 
altitude can be gre^.tly reduced to take advantage of the greater shuttle 
payload delivery capability at low oltitudes. This improves the logistics 
efficiency by reducing the number of shuttle flights required to deliver a 
given amount of SOC cargo. Further, the actual operating altitude can be 
optimieed for the prevailing atmospheric density and amount of SOC logistics 
traffic scheduled. This variable altitude approach can save 10 to 15 percent 
in the number of required shuttle flights to SOO compared to a constant 
altitude concept which must be based on the worst case decay environment and 
hence, must always fly st a high altitude. Thus, s variable altitude strategy 
is recommended. 



FIGURE 5.2. VARIABLE ALTITUDE STRATECT 
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Th» Standard OrbitT c»n do th» Job 

Th» currently projected aodular •l«Btnt« of tbo SOC oonfigurttion, «ueh a» 
tht otryic* Bodul**. th« habitability aodalaa, ate., can all ba dalivarad to 
orbit 'ey tha atandard shuttle. These various aodulas, logically aiasd for 
their raspaetiva SOC ■lesion roles, fit within the orbltar esreo bsy and are 
wall within tha payload delivery capability of the atandard shuttle. Noroal 
SOC resupply, OTV propellants and other SOC carso can alao ba dalivarad by the 
standard shuttle. 

Tha extra payload capability of the thrust eugnentad Shuttle is not needed 
for the delivery of tha SOC sodulae. However, if '^oet effective in terns of 
dollars per pound to orbit, it aay prove to be acre efficient for CTV 
propellant deliveries, but even hare tha atandard shuttle is sufficient. The 
optiauB SOC altitude is about 18 Ka (lO nai) higher with the augoanted thrust 
shuttle, but varies with logietice traffic levels and density in the sane 
Banner as the standard shuttle. Therefore, both the standard and augaented 
shuttles are coapetlble with the variable altitude strategy, figure 

Thus, while gains in logistics efficiency for weight liaited payloads such 
as OTV propellant deliveries aay be attainable with the thrust augnented 
Shuttle, the standard shuttle can do an adequate Job. A special new delivery 
systea is not required for the SOC. 
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5»1.2 SOC Asseably 

Kanr SOC configurations and aany more build-up saquencea are possible. 

The build-up sequences can be influenced by the type of planned space prograa 
particularly in the early stages. These prograas can concentrate on early 
science objectives, spacecraft assembly, or satellite services. Annual peak - 
funding also severely influences the planned space programs. Because of these 
many possible variations, Figure 5 >4, the capability to assemble modules in 
various arrangements needs to be confirmed. 

The SOC Can Be Assembled by Standard Shuttle 

The shuttle is the principle vehicle to perform the modular assembly 
operation. Its capability utilialng the standard RMS, and other standard 
equipment anticipated to be operational in the late 1980'a time period is 
desirable in order to minimize cost, crew training, and interfaces. 

Utilization of the Rockwell developed computer graphic program provides a 
rapid means of determining SOC assembly operations. Requirements that may be 
imposed on the development of shuttle standard equipment such as the HPA and 
PIBA, Figure 9.9, can also be Identified. Verification of the capabilities of 
the standard RMS can be obtained. 
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A Standard Hating Interface Can Be Provided 

Other space prograns also require the mating of modules, or of the 
orhlter to a spacecraft. The standard interface concept developed for the SOC 
mating operations may also be utilised for these other space program elements, 
yigure 5.6. The docking module concept for the orbiter providea a standard 
interface for use with these programs ae veil, Figure $.7. 

RHS Berthing Hequirea Software Hods, But Appears Feaelble 

Two modes of mating the orbiter to spacecraft have been Identified, 
berthing and doetcing. The berthing operation is distinguished from docking by 
mating of the orbiter with a spacecraft by use of the RHS. This operation is 
the 'prime mode for early shuttle missions. These early mission berthing 
operations are performed on spacecraft weighing less than 29.465 Kg 
(65.000 lbs), the design criteria for the RMS. Rating of the orbiter to 
larger spacecraft, such as the SOC. may be advantageous by minimising mating 
impact loadr. Simulations of berthing the orhlter to SOC with the RMS have 
Tndicated that this mating mode can be achieved with the present RHS, but 
requires operational changes that necesaitate revisions to the present RMS 
control software. Figure 5«S. 
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figure 5.e SHUTTLE BERTHING 


Pie Orbiter Can Dodc With The SOC 


The dodfin^ mode of mating conalsta of the direct approach/control of the 
orbiter to achieve a physical attachment* Simulations of orbiter proximity 
operations relating to docking have verified the orbiters capability to safely 
perform this docking operation* Figure 5 * 9 > A runaway RCS Jet condition, 
however, is possible and serious consequences could occur if this condition 
occurs during the docking operation. However, adequate emergency control 
modes, Hi-Z KCS thrust, are available within the orbiters control system that 
permit abort maneuvers to provide safe recovery from a run away Jet 
occurrence. Figure 5 . 10 . 

The SOC Should be Designed to Accommodate Orbiter RCS Plxme Effects 

During the SOC's operational life time, many orbiter matings will be 
accomplished. Ifiaeh mating, either in a berthing or docking mode, will create 
orbiter RCS plume pressures, temperatures, and particle deposit effects to the 
SOC. Run away Jet abort operations provide the most severe single occurrence 
effects. Figure 5.11 and Table 5 . 1 . Space based, reusable OTV's that return 
to the SOC for refueling and servicing many also contribute plume effects to 
the SOC. 
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FIGURE S.9 DOCKING TRAJECTORY ACCURACY 



FIGURE 5.10 DOCKING ABORT TURNAROUND 


OlOOR 


5-8 






























• -- page 13 


5«1.3 Prepellaot Delivery 

Tha space based, reusable, 0!TV has been Identified as the prine vehicle 
for the transport of spacecraft to G£0. This mode of operation requires 
propellant to be available at the SOC to refuel the OTV. The dellveiy of the 
propellant effects the number of shuttle flights and/or the possible inclusion 
of a HLLV in the space program inventory. This operation, therefore, become^ 
a major driver in the establishment of a viable space program. 

Recovery of Shuttle External Tank Unused Propellant Appears Feasible 

The concept developed that permits the delivery of propellant to the SOC 
with the least impact to the traffic model is that of recovering unused 
propellant from the shuttle ET. The concept is depicted in Figure 3<12. This 
capability permits maximum payload deliveries to the SOC by incorporating 
payload "top-off" concepts. Figure 5»13 illustrates three possible 
arrangements that can provide maximum payload efficient flights* 

The Incorporation of this £T propellant concept can deliver sufficient 
propellant to the SOC to refuel the OTV flights vithout requiring a dedicated 
shuttle propellant delivery flight, or the necessity for a HLLV to deliver 
propellants. 
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FIGUHE 5.13 POSSIBLE SCAVENCIIJG SCENARIOS 


Propellant Storage on SOC la Recommended 

Propellant storage tanks on the SOC and refueling sjsteas are necessary 
in order to accoanodate the propellant delivery and OTV servicing operatloua* 
The SOC will provide this capability utilising advanced cooling systems to 
maintain eryo conditions in the most efficient manner. All control of the 
propellant transfer from the orbiter and to the OTV's will be from the SOC. 

5.1.4 Space Craft Servicing 

The space program contains various types of spacecraft that can profit 
from periodic in space servicing. The servicing operation can include 
servicing and refueling of an OTV, the assembly of a satellite, or the 
periodic servicing and exchange of raw materials and finished products. 

Spacecraft Servicing at SOC Appears Most Cost Effective 

Performing these services from the SOC compared to servicing from the 
orYiter or from the ground appears to be the least expensive. The cost of the 
man hours required to perform the operations plus the cost of the equipment 
required to do the tadcs are Indicated in Table 5 « 2 . 
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5.1«5 Mission/Traffic Model 
Traffic Analysis 

Detailed traffic analyses were conducted for SOC and non-SOC options 
based on a mission model projecting overall apace program needs through the 
year 2000. Specific comparisons were made for the years 1990 through 2000. 
the years applicable for the SOC - no SOC trades. A number of representative 
cargo manilests were synthesised covering the various mission categories. 

These manifests were utilised to determine orbiter unused payload capacity, 
either volume or weight. For the SCC scenario option these unused capacities 
were topped off with OTV propellants. Also, ET propellant scavenging was 
applied to further increase the amount of propellant delivered on each 
flight. These techniques resulted in orbiter load factors approaching 1.0 for 
the SOC scenario while values for the non-SOC case were around 0.4* This is 
reflected in the total traffic levels for the two cases where the total number 
of flights was 436 and 558 for the SOC and non-SOC scenarios respectively. 
Thus, the use of a Space Operations Center was shown to save up to 112 shuttle 
flights over"the 11 year period of interest. Peak annual flight rates were 
down alsOt^lVom 62 per year for the non-SOC case to 48 yer year for the SOC 
scenario. 
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OF POOR QUALITY 


Traffic Seneitlylty Analyale 

Traffic aansitivltiea for fiv» laportant varlabl«« vort detaiaiaed for 
tba SOC related coaponente of the overall traffic aodel. The key variables 
are: OTV perfomance, shuttle psrforaanca growth, aerobraking tecluiology for 

OTV’a, eliaination of propellant scavenging, and changing froa a va^able 
alfitude strategy for SOC to a constant altitude strategy. The remits are 
suanarised in Table $.3. Degraded OTV perfomanee, eliminating propellant 
scavenging and applying a constant altitude strategy, can all requiie dramatic 
increases in the number of shuttle flights. Increased shuttle payload 
performance and the application of aerobraking technology to the OTV can 
significantly reducs the number of shuttle flights required, but only if very 
high packaged densities cen be attained by the payload designs. These high 
densities are two to three times higher than current payload definitions 
(excluding propellant/fluld deliveries} which suggests they will be difficult 
to attain* 

Dedicated Orbiter 


Analysis has shown the feasibility and desirability of employing a 
dedicated orbiter for SOC logistics operations. Flight rates to the SOC are 
sufficiently high to essentially keep one equivalent orbiter fully utilised. 
Also, by dedicating an orbiter to SOC missions certain unnecessary equipment 
can be removed which yields more than 2000 lbs of extra payload per flight. 


TABLE 5.3 TRAFFIC SEHSmviTIES 
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In the SOC sceoario this extra payload can ae fully exploited using the 
payload topoff and propellant scavenging techniques. Vitb these techniques 
propellant is added to each payload manifest either on the ground through 
payload topoff or after NECO with propellant scavenging (or both) to bring the 
effective load factor to a value of 1.0 or more. Load factors greater than 
1.0 are possible with propellant scavenging. Since these propellants are 
needed by OTV's based on the SOC they represent useful payload. Thus, a 
dedicated orbiter for SOC logistics makes sense. 

Fleet Size Analysis 


Fleet utilization analyses have shown that for the peak annual flight 
rate projected for the SOC mission scenario (48 flights per year) a fleet of 
three orbiters will meet the traffic needs. This offers fleet capacity margin 
to handle uncertanties in contingencies and relative mission priorities (LC9 
vs civil, etc.). Fleet size is greatly affected by flight rate and ground 
turnaround time. An increase in flight rate of about 12 flights per year or 
an 6-day increase in turnaround time would each require one additional orbiter 
in the fleet. Also, the higher flight rates required without a SOC will 
generally require one more orbiter in the fleet, regardless of the contingency 
and mission priority criteria that are established, as long as they are the 
same for both SOC and non-SOC cases. 
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